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One central question in development is how totipotency and pluripotency are 
established. In mature human sperm, genes of importance for embryo development (i.e. 
transcription factors) lack DNA methylation and bear nucleosomes with distinctive 
histone modifications, suggesting the specialized packaging of these developmental genes 
in the germline. Here, we explored the tractable zebrafish model and found conceptual 
conservation as well as several new features. Biochemical and mass spectrometric 
approaches reveal the zebrafish sperm genome packaged in nucleosomes and histone 
variants (and not protamine), and we find linker histones high and H4K16ac absent—key 
factors which may contribute to genome condensation. We examined several activating 
(H3K4me2/3, H3K14ac, H2AFV) and repressing (H3K27me3, H3K36me3, H3K9me3, 
hypoacetylation) modifications/compositions genome-wide, and find developmental 
genes packaged in large blocks of chromatin with coincident activating and repressing 
marks and DNA hypomethylation, revealing complex “multivalent” chromatin. Notably, 
genes that acquire DNA methylation in the soma (muscle) are enriched in transcription 
factors for alternative cell fates. Remarkably, we find H3K36me3 located in “silent” 
developmental gene promoters, and not present at the 3’ ends of coding regions of genes 




the germline and soma. We also reveal the chromatin patterns of transposons, rDNA, and 
tRNAs. Finally, high levels of H3K4me3 and H3K14ac in sperm are correlated with 
genes activated in embryos prior to the mid-blastula transition (MBT), whereas 
multivalent genes are correlated with activation at or after MBT. Taken together, gene 
sets with particular functions in the embryo are packaged by distinctive types of complex 
and often atypical chromatin in sperm. 
Bivalent marks, as the chromatin signature of pluripotency, are not persistent and 
diluted during early synchronous cell division, making them arguable to be heritable 
epigenetic marks. Studies in early embryos indicate DNA methylation status is the 
fundamental to confer totipotency and pluripotency. The anticorrelation between DNA 
methylation profiles and H2A.Z occupancy is conserved from plants to vertebrates. Here, 
we examined H2afva occupancy in early embryos in zebrafish by ChIP-seq. We found 
both H2afva level and enrichment remain consistent from sperm to embryos. H2afva is 
enriched in proximal promoter region in the first nucleosome. Consistent with previous 
studies, H2afva occupancy is anticorrelated to DNA methylation both in the promoters 
and outside of promoters. These data suggest H2afva is potentially a heritable epigenetic 
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Epigenetic status refers to any heritable functionally relevant modifications to the 
genome other than changes in the DNA sequence. Both genetic and epigenetic features 
play important roles in the regulation of gene expression and cell identity. Developmental 
processes are often accompanied with dynamic changes of epigenetic modifications. One 
central question I am interested in is how pluripotency and totipotency are established 
through epigenomic features in stem cells and germline, respectively. To confer 
pluripotency and totipotency to embryonic stem cells (ES cells) and germline, 
respectively, the epigenetic status (including heritable DNA methylation and chromatin 
modifications) is required to be reprogrammed. Yet, little is known about the dynamic 
changes of epigenetic status in gametes and early embryos. This dissertation aims to 
understand how the epigenetic pattern helps guide development by characterizing mature 
sperm and early embryos in zebrafish. Zebrafish have been widely appreciated as a 
powerful animal model—for their feasibility for genetic manipulation, rapid maturation, 
and transparent and staged embryos—all of which are crucial for this study.   
 
The Role of Epigenetics in Transcription  
and Genome Regulation 
The Role of DNA Methylation in Gene Silencing  
DNA methylation primarily occurs on cytosine position 5 in the context of CpG 
dinucleotide in higher eukaryotes (Bird 1996). CpG dinucleotide is under-represented in 
the vertebrate genome due to the high rate of deamination of methylated cytosine into 
thymidine (Bird et al. 1995). CpG-rich regions referred to as CpG islands (CGIs) often 
occur in the promoter regions of housekeeping genes and genes with tissue-specific 
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expression patterns. Intriguingly, most CGIs are unmethylated and regulation of gene 
expression is achieved by coordinating transcription factors and underlying chromatin 
status (Jones 2012).  
DNA methylation is catalyzed by the DNA methyltransferase (DNMT) family. In 
early development, de novo methylation is established by DNMT3A and DNMT3B (Law 
and Jacobsen 2010). The established pattern is then faithfully maintained by DNMT1 
through cell divisions. DNA methylation has long been considered as a fixed and stable 
mark, but more and more studies have shown DNA methylation is dynamic and 
reversible (Bhutani et al. 2011). For example, global decreases of DNA methylation soon 
after fertilization were reported in mouse and zebrafish embryos (Heby 1995; Mhanni 
and McGowan 2004). Moreover, dynamic DNA methylation is observed during cell 
lineage specification, and methylation on retina-specific genes in early embryos could be 
erased later to guide retina specification (Borgel et al. 2010). 
DNA demethylation can be achieved by passive and active mechanisms. Passive 
dilution of DNA methylation occurs during DNA replication and cell division. A 
potential model for active DNA demethylation is proposed by Jones and Cairns labs (Rai 
et al. 2008). AID/Apobec2 acts as a deaminase which converts methylated cytosine to 
thymine. MBD4 then catalyzes glycosylation to remove thymine in the T:G mismatch 
and also plays a role in targeting AID/Apobec2. The resulting abasic site is repaired by 
base excision repair (BER) machinery to insert an unmethylated deoxycytidine 
monophosphate. The demethylation process is promoted by Gadd45α upon DNA damage 
signal (Barreto et al. 2007). Recently, hydroxymethylation of cytosine position 5 (5hmC) 
catalyzed by TET enzymes has been reported in mammalian tissues and can be detected 
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highly in brain and ES cells (Tahiliani et al. 2009; Ficz et al. 2011; Pastor et al. 2011). 
5hmC is proposed as an intermediate for both passive and active mechanisms of DNA 
demethylation: (1) 5hmC impairs DNMT and maintenance of DNA methylation during 
cell divisions, and (2) Active replacement of methylated cytosine is via DNA repair 
(Bhutani et al. 2011). 
DNA methylation is proposed to be involved in long-term gene silencing in 
somatic cells (such as transposons), and monoallelic X chromosome inactivation and 
genomic imprinting in animals and plants (Heard et al. 2001; Martienssen et al. 2004). 
The typical silencing mechanisms by DNA methylation involve (1) Direct inhibition of 
binding of transcription factors or transcriptional machinery and (2) Methyl-CpG binding 
domain (MBD) proteins recognize DNA methylation and then recruit co-repressors such 
as histone deacetylase (HDAC) (Lande-Diner and Cedar 2005). Research in recent years, 
however, has advanced our understanding of DNA methylation involved in genome 
regulation through chromatin organization (more details in the following with related 
aspects) (Reddington et al. 2013). 
 
Permissive Chromatin Modifications  
for Transcriptional Competence  
The basic unit of chromatin is the nucleosome, which consists of two copies of 
each core histone (H2A, H2B, H3, and H4), and the histone octamer is wrapped with 147 
bp of DNA. Linker DNA and linker histones (such as H1 or H5) in higher eukaryotes 
reside in regions of highly packaged chromosomes (Kornberg 1974). The length of linker 
DNA varies among species and cell types, ranging from 10 bp to 50 bp. Linker histones 
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bind nucleosomes in a 1:1 ratio to form chromatosomes to prevent DNA unwrapping, and 
this leads to increased average nucleosome repeat length (Huynh et al. 2005; Robinson et 
al. 2006; Zhou et al. 2007).  
For transcription factors and transcriptional machinery to access DNA, chromatin 
structure needs to be reorganized, and multiple mechanisms have been proposed: histone 
modifications, histone variant incorporation, chromatin remodeling, and nucleosome 
ejection (this dissertation will focus on the first two) (Li et al. 2007; Clapier and Cairns 
2009). Posttranslational modifications on histones are involved in regulation of 
transcription, DNA repair, DNA replication, and chromatin condensation (Kouzarides 
2007). Chromatin features and their associated transcriptional activity are summarized in 
Table 1.1. “Histone code” was proposed based on association between gene activity and 
various modifications at different histone positions.  
Methylation of H3K4 (H3K4me) is catalyzed by proteins containing SET domain 
such as Set1 in yeast and Trithorax group (TrxG) and mixed lineage leukemia proteins 
(MLL) in metazoans (Ruthenburg et al. 2007). Deletion of the yeast H3K4 
methyltransferase, SET1 gene, abolishes di- and tri-methylation on H3K4 (Santos-Rosa et 
al. 2002). H3K4me is associated with transcriptional activation and competence. 
H3K4me1 is enriched in enhancer regions, and both H3K4me2 and H3K4me3 are 
enriched in proximal promoter regions in eukaryotes (Santos-Rosa et al. 2002; Cuthbert 
et al. 2004; Barski et al. 2007; Heintzman et al. 2007). Interestingly, H3K4me3 is bound 
by the PHD finger of TAF3 in TFIID, and stimulates preinitiation complex (PIC) 
formation to enhance transcription (Vermeulen et al. 2007; Lauberth et al. 2013). In the 
promoters of chicken β-globin genes, the level of H3K4me2 can be detected either when 
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β-globin genes are active or inactive, suggesting that methylation on H3K4 maintains the 
locus in a poised state (Schneider et al. 2004). The poised state implies a transcriptional 
competent state that prepares a gene to switch from inactive status to active status. 
In yeast, Set1 is recruited by initiation form of RNA polymerase II (Pol II) 
(phosphorylation at Serine 5 of CTD) but not by elongation form (phosphorylation at 
Serine 2 of CTD) (Ng et al. 2003). Targeting of MLL in mammals, however, is largely 
unknown. CGIs have been suggested to recruit MLL complex via its subunit, Cfp1 (Lee 
and Skalnik 2005; Thomson et al. 2010; Schuettengruber et al. 2011). Cfp1 binds 
unmethylated CG dinucleotides, and loss of Cfp1 in ES or mammalian cells leads to loss 
of H3K4me3 at active genes (Voo et al. 2000; Lee and Skalnik 2002; Thomson et al. 
2010; Clouaire et al. 2012). Interestingly, methylation on H3K4 is often enriched at 
promoter regions where CGI resides (Weber et al. 2007). Genomic analyses revealed 
H3K4me enriched regions are exclusive of DNA methylation. In germ cells, DNMT3L, 
the regulator of de novo DNA methylation, binds unmethylated histone H3 but not H3 
with methylated K4, suggesting a potential mechanism on how H3K4me3 antagonizes 
DNA methylation (Ooi et al. 2007). 
In the aspect of transcription, histone acetylation is strongly associated with active 
transcription (Shahbazian and Grunstein 2007). Acetylation on histones disrupts 
electrostatic interaction between histones and DNA, thus loosening the chromatin 
structure. Acetylation also serves as a binding platform for factors that promote 
transcription. For example, acetylation on H3K14 is recognized by Rsc4 and recruits the 
rest of chromatin remodeler components to promote transcription (Agalioti et al. 2002; 
Kasten et al. 2004). Acetylation on H3K9 blocks methylation mark on this residue and 
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correlates with gene activation. Acetylation on H4K16 prevents spreading of 
heterochromatin and the nucleosome remodeler ISWI which orders nucleosomes 
arrangement (Johnson et al. 1992; Thompson et al. 1994; Clapier et al. 2001; Corona et 
al. 2002). 
 
Repressive Chromatin Modifications for Gene Silencing 
During development, H3K9me3 and H3K27me3 are associated with 
transcriptional repression (Barski et al. 2007). H3K9 is methylated by another SET 
domain containing family, called Su(var)3-9 family. The chromodomain of HP1 
recognizes methylation on H3K9 and this combination contributes to formation of 
heterochromatin (Shilatifard 2006). DNA methylation coordinates with H3K9me or 
H3K27me3 for heterochromatin establishment or X-inactivation in mammalian female, 
respectively. The cooperation among DNA methylation and histone marks is supported 
by physical interactions between DNMT1 and SUV39H1 (Fuks et al. 2003). This 
connection mechanistically links epigenetic repression systems between DNA 
methylation and histone methylation.  
Methylation on H3K27 is catalyzed by Polycomb repressor complex 2 (PRC2) 
that belongs to Polycomb group (PcG) proteins. Ezh2 in PRC2 contains a SET domain 
and is responsible for H3K27 methylation (Cao et al. 2002; Muller et al. 2002). 
H3K27me3 is recognized by PRC1 complex to maintain the inactive state of genes 
during development (Schwartz and Pirrotta 2007). However, how H3K27me3 or PRC1 
contributes to gene silencing remains unknown. Targeting of PcG is of high interest but 
still unclear in mammals. In Drosophila, PcG proteins are recruited by Polycomb 
	   8	  
response elements (PREs), which are found in many developmentally regulated genes 
(Simon et al. 1993). So far, only two respective PREs in mammals have been identified to 
confer PcG repression (Sing et al. 2009; Woo et al. 2010). By surveying bacterial 
genomic fragments, GC-rich elements lack of activating transcription factor motif is able 
to recruit PRC2, suggesting CGI has the potential to recruit PRC2 (Mendenhall et al. 
2010). Although PREs in flies do not show GC-rich feature, PREs and CGIs still share 
some similarities: (1) Associate with developmental genes, (2) Organized with unstable 
nucleosomes, and (3) Bound by paused RNA Pol II (Sharif et al. 2013). In addition to 
DNA elements, other factors such as noncoding RNAs are possibly involved in 
recruitment of PcG (Schuettengruber et al. 2007; Tsai et al. 2010). 
 
Poised Chromatin Modifications for Transcriptional Competence  
In ES cells, H3K27me3 coincides with H3K4me3 in the highly conserved 
noncoding regions, which encompass many developmentally important regulators 
(Bernstein et al. 2006). The combination of active and silent modifications is termed 
“bivalent domain,” and this feature actually keeps genes expression at very low levels or 
none. Bivalent domain is proposed to poise developmental genes for activation or 
repression during lineage specification and is considered as the chromatin signature of 
pluripotency in ES cells (Mikkelsen et al. 2007; Li et al. 2012a). Additional features have 
been unveiled along with bivalent domains to insure their robustness in poising genes. 
For example, dimethylation on H3K4 is enriched with bivalent domains as another 
permissive mark (Meissner et al. 2008). H3K9me3 catalyzed by SetDB1 is also enriched 
with bivalent domain and contributes to repression of developmental genes—even though 
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this is the only report so far that shows this feature (Bilodeau et al. 2009). Notably, the 
underlying DNA is GC-rich and unmethylated (Meissner et al. 2008). Paused RNA Pol II 
is associated with developmental regulators in ES cells and no transcript has been 
detected (Guenther et al. 2007; Marks et al. 2012). Repressive genes associated with 
RNA Pol II have the potential to respond to developmental cues synchronously and 
promptly (Levine 2011). Histone variants such as H2AZ are also involved in poising 
genes for expression (see below for details). 
The epigenome refers to epigenetic attributes in a genome-wide scale. Epigenetic 
attributes include DNA methylation, histone modifications, and histone variants, which 
together define chromatin structure, gene activity, and cellular identity. The epigenetic 
status in stem cells and differentiated cells has been widely studied, yet little is known 
about the timing of establishing the epigenetic feature during life cycle. This dissertation 
aims to understand the epigenetic setup in male gametes and if any specific epigenetic 
pattern is established in sperm. 
 
Potential Epigenetic Contribution to Pluripotency  
and Totipotency 
Pluripotency Is Set Up by a Network of Pluripotency Factors  
and Chromatin Regulators 
Pluripotent ES cells are able to generate all cell types during development. 
Studies have shown the importance of a network of pluripotency factors for maintaining 
ES cell pluripotency and self-renewal. These pluripotency factors include Oct4, Nanog, 
Sox2, and Tcf3 (Masui et al. 2007; Tam et al. 2008; Ng and Surani 2011). ES cells are 
	   10	  
specified by Oct4 at inner cell mass (ICM) of blastocysts (Nichols et al. 1998). Nanog is 
then expressed to maintain ES cell fate and self-renewal (Chambers et al. 2003). Ectopic 
expression of Oct4, Sox3, Klf4, and c-Myc is able to reprogram any tissue toward the 
formation of induced pluripotent cells (iPSCs) in mouse and human (Takahashi and 
Yamanaka 2006; Takahashi et al. 2007; Hanna et al. 2010). Fully reprogrammed iPSCs 
like ES cells can contribute to all germ layers and embryonic germ cells that can form 
complete and fertile mice by tetraploid complementation (Zhao et al. 2009; Hanna et al. 
2010).  
To keep developmental regulators inactive while maintaining self-renewal genes 
active in ES cells, pluripotency factors function in a regulatory circuitry and cooperate 
with chromatin regulatory proteins. Knock out of Ezh2, H3K27 methyltransferase, in 
mice leads to early embryonic lethality and failure in establishing ES cell lines (O'Carroll 
et al. 2001). Genome-wide studies show Polycomb complexes occupy and repress 
developmental regulators in ES cells, and these developmental regulators are enriched 
with H3K27me3 (Bernstein et al. 2006; Boyer et al. 2006; Lee et al. 2006). Remarkably, 
these developmental regulators occupied by PRC2 in ES cells are also occupied by Oct4, 
Sox2, and Nanog. The TrxG protein WDR5 is required for self-renewal in ES cells (Ang 
et al. 2011). WDR5 physically interacts with Oct4 and strongly colocalizes with Oct4 in 
the genome, including genes involved in self-renewal. WDR5 and TrxG complex 
maintain high levels of H3K4me3 and transcriptional activity of these self-renewal genes 
in ES cells. Moreover, studies have shown chromatin remodelers play an essential role in 
regulating ES cell pluripotency and self-renewal (Koh et al. 2010). Chd1, a chromatin 
remodeler associated with active transcription, is required to maintain open chromatin 
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status and pluripotency in ES cells (Gaspar-Maia et al. 2009). ES cell BAF complex, a 
chromatin remodeler of the SWI/SNF family, interacts with the pluripotency factors and 
maintains ES cell pluripotency (Ho et al. 2009a; Ho et al. 2009b; Ho et al. 2011). Taken 
together, pluripotency is set up by cooperation between pluripotency factors and 
chromatin regulatory factors. 
 
Potential Epigenetic Contribution to Totipotency/Pluripotency  
in Primordial Germ Cells and Mature Sperm  
Establishment of epigenetic features for totipotency in primordial germ cells 
(PGCs) undergoes global chromatin reprogramming (Cantone and Fisher 2013). In mice 
PGCs, a genome-wide DNA demethylation is observed between E11.5 and E12.5, when 
PGCs enter the gonads (Hajkova et al. 2002; Popp et al. 2010). This removes the DNA 
methylation pattern that controls somatic gene expression and imprinted genes. The 
demethylation process depends in part on the cytidine deaminase AID and base excision 
repair (BER) pathway (Rai et al. 2008; Hajkova et al. 2010). The erasure of DNA 
methylation accompanies extensive erasure of H3K27me3, H3K9me3, and H3K9Ac, and 
exchange of histone variants (Hajkova et al. 2008). At E12.5, H3K27me3 and H3K9me3 
are regained in PGC. Due to a limited number of PGCs, it remains unknown at what loci 
reprogramming occurs in a genome-wide scale.  
The promoter DNA methylation pattern of embryonic germ (EG) cells (cultured 
PGCs) and sperm resembles ES cells with a significant R-value (Farthing et al. 2008). 
Given the pluripotency for both ES and EG cells, the DNA methylation pattern in both 
cell types only differs in a small number of promoters. The similarity of methylation 
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pattern between sperm and ES and EG cells suggests that overall promoter methylation 
patterns in sperm are maintained at a status inherited from PGCs and probably passed to 
ES cells.  
In mammals and some fishes, sperm chromatin is packaged with protamines that 
are small cationic proteins into a highly condensed and compact structure. This tightly 
packaged genome correlates with transcriptional silence in sperm (Kierszenbaum and 
Tres 1975). It has long been thought that epigenetic contribution of sperm chromatin to 
embryo development is very limited. A landmark paper, however, shows the human 
sperm genome is not completely exchanged to protamine and there is ~4% genome 
retained with nucleosomes (Hammoud et al. 2009). Interestingly, the remaining 
nucleosomes occupy genes involved in transcription, signaling, and developmental 
processes. Further examination of epigenetic features shows enrichment of both 
H3K4me3 and H3K27me3, consisting of bivalent domains, in the promoter regions of 
developmental regulators. These bivalent genes in human sperm have a significant 
overlap with that in ES cells. H3K4me3 alone is highly enriched at genes related to 
spermatogenesis, nuclear architecture, and RNA metabolism, representing a memory 
from prior process and a potential poising for future program. Similarly, ES cells show 
the epigenetic demarcation—bivalent marks for developmental regulators that are silent 
and active marks for active genes involved in self-renewal. Notably, the underlying DNA 
of the bivalent domain in human sperm is lack of methylation as in ES cells. The bivalent 
chromatin signature is also observed in mouse sperm, suggesting a conserved packaging 
strategy in mammalian sperm (Brykczynska et al. 2010). Taken together, important genes 
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such as developmental regulators in mature sperm are packaged with poised chromatin as 
in ES cells and both sperm and ES cell genomes are programmed by epigenetic features.  
 
Potential Epigenetic Contribution to Pluripotency  
in Early Embryos 
Bivalent domain, the chromatin signature of pluripotency, has been established in 
mature sperm. The next open question is if the signature is inherited or reestablished in 
early embryos. In addition to epigenetic contribution to pluripotency, other factors such 
as histone variants, transcription, and noncoding RNA have the potential as well but 
remain largely unknown (here the focus is on chromatin attributes and see below for 
DNA methylation and H2AZ). The zygotic genome is activated between 2- to 8- cell 
stage in mammals, but at 1000-cell stage (midblastula transition, MBT) in zebrafish. 
Before zygotic genome activation (ZGA), embryos undergo synchronous cell divisions 
and the genome is inactive. At this period of time, embryonic cells (blastomeres) are 
pluripotent and basically identical (Schier and Talbot 2005). Therefore, the possibility to 
collect enough cells makes zebrafish an ideal model system to address if chromatin 
signature is inherited in early embryos.  
Studies from Vastenhouw et al. (2010) show chromatin attributes (H3K4me3, 
H3K27me3, and H3K36me3) are not detected by immunoblotting until MBT and 
chromatin signature is reestablished when the zygotic genome activates in zebrafish 
(Vastenhouw et al. 2010). After ZGA, more than 80% of genes are marked by H3K4me3, 
and developmental regulators are enriched with bivalent domain. These data suggest 
chromatin signature is not inherited but reestablished in early embryos. In contrast, 
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studies from Wu et al. (2011) and Lindeman et al. (2011) suggest an inheritance model 
and show a similar chromatin signature to sperm before MBT (Lindeman et al. 2011; Wu 
et al. 2011). They are able to detect the bulk level of H3K4me3 by immunoblotting and 
immunostaining before MBT. Bivalent marks are enriched in the promoters of 
developmental regulators before ZGA—though at a lower level compared to post ZGA. 
Notably, pre-MBT embryos share a significant portion of bivalent genes with sperm, and 
most of these genes are expressed at MBT or after MBT, suggesting the developmental 
program is prepatterned by epigenetic features prior to ZGA.  
Dynamic DNA methylation accompanies and potentially guides developmental 
processes. To confer pluripotency in the embryo, methylation on paternal genome is 
erased globally by active demethylation before first cell division in the zygote, whereas 
the maternal genome is demethylated by passive dilution over cleavage divisions (Mayer 
et al. 2000; Oswald et al. 2000; Howell et al. 2001). A comprehensive study in zebrafish 
examines DNA methylation from gametes to early embryos and suggests DNA 
methylation underlies embryo totipotency and pluripotency (Potok et al. 2013). Zebrafish 
appear to achieve a totipotent chromatin state when the zygotic genome activates and this 
involves: (1) paternal genome competency since the paternal genome is already set up as 
that at zygotic genome activation (ZGA), (2) maternal genome DNA 
demethylation/reprogramming to a state corresponding to the paternal genome, and (3) 
imposition of DNA methylation on genes needed later in development. Notably, 
programming of DNA methylation to reach ZGA follows the “CG-rule”—DNA with low 
CG content acquires methylation whereas high CG content resists methylation.  
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Dynamic DNA methylation profiles in zebrafish suggest embryos achieve 
totipotent state at MBT. It is still unclear how and when pluripotency/totipotency is 
established. Gametes represent a unique stage during development—they are terminally 
differentiated but become a totipotent zygote once fertilized. The question is if 
pluripotency/totipotency is already embedded in gametes and if this is set up through 
bivalent chromatin. This dissertation studies the epigenomes in male gametes and early 




H2A.Z, H2A Histone Variant 
Replacement of canonical histones by histone variants is important in regulation 
of gene activity and DNA-related cellular processes (Zlatanova and Thakar 2008; 
Marques et al. 2010). Canonical histones are synthesized in a replication-dependent 
manner in S phase, whereas histone variants are synthesized and incorporated into 
chromatin throughout the cell cycle (Ahmad and Henikoff 2002; Krogan et al. 2003; 
Kobor et al. 2004). H2A.Z is one of the H2A variants, which also include H2A.X, H2A-
Bbd, and macroH2A (Talbert and Henikoff 2010). H2A.Z is evolutionarily conserved 
from protozoan (Plasmodium falciparum), budding yeast (Saccharomyces cerevisiae), to 
humans with 90% sequence conservation (Iouzalen et al. 1996). Budding yeast has a 
single copy of the H2A.Z gene (HTZ1), whereas mammals have two H2A.Z genes 
(H2afv and H2afz), whose protein products differ by three residues, and they are possibly 
not redundant (Faast et al. 2001; Eirin-Lopez et al. 2009). Here, H2A.Z will be referred to 
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as the general name of the variant in different species. Zebrafish have two H2A.Z genes, 
h2afva and h2afvb. The H2afva protein sequence is 100% identical to mammalian 
H2A.Z, and h2afvb has an extra 21 residues in the N-terminus and 2 different residues in 
the rest of the 128 residues; little is known about h2afvb. H2A.Z shares 60% of sequence 
identity to H2A, suggesting the uniqueness and importance of H2A.Z (Jackson and 
Gorovsky 2000). In budding yeast, H2A.Z is not essential but is involved in many 
biological processes, including transcriptional activation and repression, chromosome 
stability, and DNA repair (Santisteban et al. 2000; Meneghini et al. 2003; Krogan et al. 
2004; Mizuguchi et al. 2004; Zhang et al. 2005). In mammalian cells, H2A.Z is important 
for transcriptional regulation, chromosome segregation, centromeric functions, and 
cancer metastasis (Rangasamy et al. 2003; Rangasamy et al. 2004; Gevry et al. 2007; 
Gevry et al. 2009). Moreover, deletion of H2A.Z leads to lethality in many organisms, 
such as Tetrahymena thermophile, Drosophila melanogaster, Xenopus leavis, and Mus 
musculus (van Daal and Elgin 1992; Iouzalen et al. 1996; Liu et al. 1996; Clarkson et al. 
1999; Faast et al. 2001; Ridgway et al. 2004).  
Exchange of H2A-H2B dimers to H2A.Z-H2B dimers depends on the ATP-
dependent Swr1 complex in yeast, named after the SWR1 catalytic subunit (Krogan et al. 
2003; Kobor et al. 2004; Mizuguchi et al. 2004). Orthologs of Swr1 complex in 
vertebrates are SRCAP and P400 complexes, and there is no functional overlap between 
these two for incorporation of H2A.Z (Wu et al. 2005; Cai et al. 2006). Transcription 
factors associated with SRCAP or P400 could possibly play a role in targeting H2A.Z 
deposition, but the details remain to be elucidated.  
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H2A.Z, Transcription, and Associated Nucleosomes  
In Tetrahymena, H2A.Z is only found in the transcriptionally active 
macronucleus, an initial suggestion that H2A.Z is involved in active regulation of 
transcription (Allis et al. 1980). H2A.Z is localized to the nucleosomes flanking the 
nucleosome-deficient region (NDR) at the transcription start site, where H2A.Z 
efficiently recruits RNA Pol II in both yeast and human cells (Adam et al. 2001; 
Zlatanova and Thakar 2008; Hardy et al. 2009). Loss of H2A.Z in Arabidopsis thaliana 
leads to reduced expression of the flowering gene and premature flowering (Deal et al. 
2007). Moreover, H2A.Z in Caenorhabditis elegans is required to activate a subset of 
foregut genes for normal foregut development (Updike and Mango 2006). However, the 
role of H2A.Z in transcription is contradictory. In human cells and Drosophila, the level 
of H2A.Z in promoter regions is positively correlated with gene activity, whereas in yeast 
cells, it is inversely correlated (Guillemette et al. 2005; Li et al. 2005; Zhang et al. 2005; 
Barski et al. 2007; Mavrich et al. 2008). Interestingly, in response to changes in growth 
conditions, H2A.Z in yeast cells is required to promote full gene activation and shows 
redistribution from activated promoters to repressed/basal promoters (Li et al. 2005; 
Zhang et al. 2005). Biochemical studies further show H2A.Z-associated nucleosomes are 
more susceptible to loss, suggesting H2A.Z poises repressed/basal promoters for 
activation through loss of histones—see below for the poising role of H2A.Z in ES cells 
(Placek et al. 2005; Zhang et al. 2005). Posttranslational modifications of H2A.Z could 
partially explain the conflicting role of H2A.Z in transcription. Acetylation in the N-
terminus of H2A.Z is associated with active transcription in yeast and mammalian cells, 
whereas monoubiquitylation in the C-terminus of H2A.Z is found on the inactive X 
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chromosome of female mammals (Millar et al. 2006; Sarcinella et al. 2007; Talbert and 
Henikoff 2010; Ku et al. 2012; Valdes-Mora et al. 2012).  
In mammalian cells, H2A.Z often coincides with the H3 variant, H3.3, in NDR of 
active promoters, enhancers, and insulator regions (Jin et al. 2009). The H3.3/H2A.Z 
double variants-containing nucleosomes are very unstable and are proposed to be 
involved in maintaining accessible chromatin structures (Jin and Felsenfeld 2007). 
 
The Role of H2A.Z in Pluripotency 
Loss of H2A.Z in mice leads to embryonic lethality by the gastrulation stage 
(Faast et al. 2001). The mutant embryo develops normal ICM and trophectoderm but fails 
to further differentiate beyond blastocyst stage, suggesting H2A.Z is indispensable for 
efficient differentiation of stem cells (Banaszynski et al. 2010). Genomic localization of 
H2A.Z in ES cells coincides with Suz12, a core subunit of the PRC2 complex, in the 
promoters of developmental regulators, and the co-occupancy is interdependent 
(Creyghton et al. 2008). Consistent with mouse models, the H2A.Z-depleted ES cells fail 
to differentiate upon induction.  
Analyses of nucleosome dynamics during ES cell differentiation show both 
nucleosome depletion and de novo occupation occur, typically in the promoters and 
exons of genes (Li et al. 2012b). Interestingly, H2A.Z is localized to nucleosome 
depletion regions in undifferentiated ES cells (Li et al. 2012b; Hu et al. 2013). H2A.Z-
associated nucleosomes are enriched with H3K4me3 in promoters and enhancers. 
Furthermore, H2A.Z-associated nucleosomes encompass binding sites for the endoderm 
“pioneer” transcription factor FoxA2. Both H2A.Z and FoxA2 are required for 
nucleosome depletion and efficient ES cell differentiation. Knockdown of H2A.Z impairs 
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Oct4, MLL, and PRC2 complexes for efficient binding to target genes. Taken together, 
these data suggest H2A.Z maintains chromatin accessibility in ES cells and poises genes 
for activation during differentiation. 
 
H2A.Z and DNA Methylation 
H2A.Z incorporation and DNA methylation are reported as antagonistic in both 
animals and plants (Zilberman et al. 2008; Conerly et al. 2010; Zemach et al. 2010). 
DNA methylation is often observed on cytosine in the context of CpG dinucleotide. CpG-
rich regions, CGIs, mostly occur in the promoter regions but lack methylation 
irrespective of the transcription status. H2A.Z in Arabidopsis is found specifically at the 
5’ promoter regions of genes where CGIs reside, and DNA are unmethylated (Zilberman 
et al. 2008). Another profound example is the pericentromere regions, which contain 
many transposons and heavily methylated DNA, but very low levels of H2A.Z. Loss of 
MET1 DNA methyltransferase in Arabidopsis causes both losses and gains of DNA 
methylation and leads to opposite changes in H2A.Z deposition. Conversely, loss of 
PIE1, homolog of SWR1, leads to loss of H2A.Z deposition, especially at intragenic 
regions, and corresponding gain of DNA methylation. During B-cell lymphomagenesis, 
H2A.Z is progressively lost and this is generally correlated to a gain of DNA methylation 
(Conerly et al. 2010). Differential comparison on H2A.Z occupancy and DNA 
methylation between cell states shows that gain of H2A.Z occupancy at the gene body 
corresponds to a loss of DNA methylation in the transition from transformed cells to 
tumors. When 5-azacytidine, a cytosine analogue that inhibits DNMTs, is applied to 
mammalian culture cells, regional loss of DNA methylation corresponds to gain of 
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H2A.Z despite CG density (Yang et al. 2012). Moreover, mutual exclusion between 
H2A.Z and DNA methylation is observed in the entire gene region in puffer fish (Zemach 
et al. 2010). These data suggest the conserved anticorrelation relationship between 
H2A.Z occupancy and DNA methylation and a potential mechanism for the targeting of 
DNA methylation.  
 
Dissertation Overview 
We have characterized the epigenetic status in mature sperm and the genomic 
localization of H2afva in early embryos by using zebrafish as a model system.  
Zebrafish use nucleosomes rather than protamine to package the sperm genome. 
Despite this difference, our studies reveal remarkable conservation between mammals 
and zebrafish in the use of distinctive chromatin states to package embryonic 
developmental regulators in sperm, including the use of coincident permissive and 
repressive modifications and DNA demethylation. In addition, we greatly extended the 
analysis of chromatin composition to several other histone modifications and a histone 
variant, showing contiguous block of “multivalent” programmatic chromatin build over 
the promoters (or full genes) for developmental regulators, suggesting a complex and 
robust packaging network. Furthermore, we find features in this germline chromatin not 
observed in ES cells or in the soma, including the presence of H3K36me3 in these large 
blocks at developmental regulators. 
The genomic localization of H2afva is investigated by ChIP-seq in early embryos, 
before, during, and after zygotic genome activation. H2afva is enriched in the promoters 
of genes, including both early and late expressed genes in early embryos. This promoter-
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enriched pattern in zebrafish is consistent with other vertebrates. Notably, H2afva profile 
in early embryos is very similar to that in sperm and potentially inherited from sperm. 
DNA methylation pattern is proposed to underlie embryo totipotency and pluripotency. 
Interestingly, we observed a strong anticorrelation between H2afva occupancy and DNA 
methylation in sperm and early embryos. These data suggest H2afva could potentially be 
a heritable epigenetic marker and sets up DNA methylation profiles of totipotency and 
pluripotency in early embryos. 
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Genes for embryo development are packaged in blocks
of multivalent chromatin in zebrafish sperm
Shan-Fu Wu, Haiying Zhang, and Bradley R. Cairns1
Howard Hughes Medical Institute, Department of Oncological Sciences, Huntsman Cancer Institute, University of Utah School
of Medicine, Salt Lake City, Utah 84112, USA
In mature human sperm, genes of importance for embryo development (i.e., transcription factors) lack DNAmethylation
and bear nucleosomes with distinctive histone modifications, suggesting the specialized packaging of these developmental
genes in the germline. Here, we explored the tractable zebrafish model and found conceptual conservation as well as
several new features. Biochemical and mass spectrometric approaches reveal the zebrafish sperm genome packaged in
nucleosomes and histone variants (and not protamine), and we find linker histones high and H4K16ac absent, key factors
that may contribute to genome condensation. We examined several activating (H3K4me2/3, H3K14ac, H2AFV) and
repressing (H3K27me3, H3K36me3, H3K9me3, hypoacetylation) modifications/compositions genome-wide and find
developmental genes packaged in large blocks of chromatin with coincident activating and repressing marks and DNA
hypomethylation, revealing complex ‘‘multivalent’’ chromatin. Notably, genes that acquire DNAmethylation in the soma
(muscle) are enriched in transcription factors for alternative cell fates. Remarkably, whereas H3K36me3 is located in the
39 coding region of heavily transcribed genes in somatic cells, H3K36me3 is present in the promoters of ‘‘silent’’ de-
velopmental regulators in sperm, suggesting different rules for H3K36me3 in the germline and soma. We also reveal the
chromatin patterns of transposons, rDNA, and tDNAs. Finally, high levels of H3K4me3 and H3K14ac in sperm are
correlated with genes activated in embryos prior to the mid-blastula transition (MBT), whereas multivalent genes are
correlated with activation at or after MBT. Taken together, gene sets with particular functions in the embryo are packaged
by distinctive types of complex and often atypical chromatin in sperm.
[Supplemental material is available for this article. The microarray data from this study have been submitted to the NCBI
Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession no. GSE26609.]
A central question in early development is how totipotency and
pluripotency are established in germline and embryonic stem (ES)
cells, respectively. Studies in ES cells cultured in vitro have pro-
vided many interesting concepts for pluripotency, such as the use
of special transcription factor combinations (POU5F1 [also known
as OCT4], SOX2, others) that operate as a network to promote
pluripotency and self renewal, and the presence of specialized
chromatin at developmental regulators in ES cells to ensure their
silencing and poising until later in development (Rao and Orkin
2006; Wang et al. 2006; Jaenisch and Young 2008; Kim et al. 2008).
Due to technical limitations, little is known about the mechanisms
underlying the totipotency of vertebrate eggs (Seydoux and Braun
2006), but multiple contributing mechanisms can be envisioned,
including maternal RNAs (coding and noncoding) that promote
totipotency, the loading and function of key transcription factor
proteins (including pluripotency/self-renewal factors), and chro-
matin structures that enable (or prevent) the expression of particular
embryonic developmental regulators.
Until recently, options (beyond DNA methylation) for the
sperm genome to provide epigenetic contribution to totipotency
appeared limited (Seydoux and Braun 2006), as spermatogenesis
involves the replacement of the vast majority of the histone-based
chromatin by protamine (Ward and Coffey 1991; Wykes and
Krawetz 2003), which is not known to propagate information via
modifications. One view is that the male genome need not carry
any gene packaging information (beyond methylated imprinted
genes), as it can simply be ‘‘reprogrammed’’ and repackaged by the
egg following fertilization to achieve totipotency. One clear event
in mice and humans involves active DNA demethylation of the
paternal genome upon fertilization, prior to the fusion of the two
nuclei and the onset of replication (Mayer et al. 2000; Oswald et al.
2000; Hajkova et al. 2008, 2010; Abdalla et al. 2009; Okada et al.
2010). Although this clearly occurs, we currently lack an under-
standing of which genes in the genome are susceptible or resistant
to DNA demethylation, beyond the resistant imprinted genes. In-
deed, a full understanding of the methylation state of the gametes
before and after fertilization will be an important step forward.
Another view is that specialized gene packaging may indeed
occur in sperm. Recently, a small percentage of the human and
mouse genomes have been shown to remain enriched with modi-
fied nucleosomes inmature sperm (Arpanahi et al. 2009; Hammoud
et al. 2009; Brykczynska et al. 2010). These studies revealed the
packaging of the genes encoding most key embryonic devel-
opmental and morphogenesis regulators by nucleosomes with
histone modifications that correlate both with activation and si-
lencing. The observed silencing mark was trimethylation of lysine
27 on histone H3 (H3K27me3), a modification catalyzed by the
PRC2 (Polycomb Repressive Complex 2) (Cao et al. 2002; Czermin
et al. 2002; Kuzmichev et al. 2002; Muller et al. 2002). Resident
activating marks included di- and trimethylation of lysine 4 on
histone H3 (H3K4me2/3), a modification catalyzed in the soma by
MLL, Set1, and Set7/9 histone methyltransferases (Byrd and
Shearn 2003; Dou et al. 2005; Wysocka et al. 2005). The co-
incidence of these two marks is termed bivalency and has been
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described previously at the promoters of developmental regulators
in ES cells (Bernstein et al. 2006). These antagonistic marks are be-
lieved to help poise these genes in a repressed state. Furthermore,
developmental regulators in human sperm are profoundly DNA
demethylated (Down et al. 2008; Farthing et al. 2008; Hammoud
et al. 2009), a result that makes the genome-wide demethylation
of the paternal genome all the more curious, if needed (in part)
for totipotency. Finally, genes that are involved in spermatogenesis
and metabolic processes are solely coated with the active mark
H3K4me3 in both human andmouse sperm (Hammoud et al. 2009;
Brykczynska et al. 2010). Thus, human and mouse sperm display
two very distinct chromatin patterns for two different classes of
genes: active genes (in sperm) and embryonic transcription factors.
These studies prompt several key questions. First, why place
embryonic developmental regulators in bivalent chromatin in
mature sperm cells? One possibility is to poise these genes for ex-
pression in the embryo. Another possibility is to protect them
fromDNAmethylation through the use of ‘‘activating’’ chromatin,
while simultaneously placing repressive chromatin on them to
prevent their expression in the germline (Bernstein et al. 2006;
Okitsu and Hsieh 2007; Ooi et al. 2007; Ciccone et al. 2009). An-
other key question is the complexity of the packaging andmarking
of developmental genes. Also, one might expect this packaging/
marking system, if indeed instructive, to require additional mod-
ifications or histone variants to maintain robustness in the em-
bryo. Furthermore, is this system for gene packaging in sperm
identical to the system already established in ES cells, or are there
unique aspects to packaging developmental regulators in the
germline? Finally, it is of high interest to understand how this
packaging is established and maintained in the germline and
whether a similar system exists in the egg.
To begin to investigate these questions, we turned to the
zebrafish animal model, due to the ease of obtaining both sperm
and eggs and to the possibilities for future genetic manipulation.
One apparent difference between humans and zebrafish is the use
(revealed below) of nucleosomes rather than protamine to package
the sperm genome. In spite of this difference, our studies reveal
remarkable conservation between humans and zebrafish in the use
of distinctive chromatin states to package embryonic develop-
mental regulators in sperm, including the use of coincident acti-
vating and silencing modifications, and DNA demethylation. In
addition, we greatly extended the analysis of chromatin compo-
sition to several other histonemodifications and a histone variant,
showing contiguous blocks of ‘‘multivalent’’ programmatic chro-
matin built over the promoters (or full genes) for developmental
regulators, suggesting a complex and robust packaging network.
Furthermore, we find features in this germline chromatin not ob-
served in ES cells or in the soma, including the presence of
H3K36me3 in these large blocks at developmental regulators.
Results
Biochemical composition of the zebrafish sperm genome
We began by characterizing the proteins that package the genome
of mature zebrafish sperm. Sperm cells were collected from sexu-
ally mature males, which exhibited a sperm head morphology
more rounded than those derived from mammals, suggesting an
alternative compaction strategy (Fig. 1A). Chromatin preparations
from sperm and a zebrafish fibroblast cell line were analyzed by
SDS-PAGE, revealing prominent bands migrating at the exact size
and distribution of histones. Mass spectrometric analysis revealed
the presence of the canonical histones H2A, H2B, H3, and H4, as
well as certain canonical histone variants (H2AFX, and H2AFV),
and linker H1 histones and variants (related to human HISTH1C,
-D, and -E; and H1FX; H1F0) (Fig. 1B; Supplemental Table 1),
known to package the somatic genome. Here, we note that West-
ern analysis reveals the clear presence of H1 linker histone in ZF4
fibroblasts, but at levels that are about 25% of those in sperm,
normalized for ploidy (Supplemental Fig. 1A,B). Somewhat sur-
prisingly, protamine, transition proteins, and testis-specific histone
variants—proteins that constitute the vast majority of proteins in
mammalian sperm—were not identified in zebrafish sperm, either
through acid-urea gel analysis (data not shown) ormass spectrometry.
Furthermore, the current zebrafish genome (Zv8) lacks the structural
genes encoding orthologs of mammalian testis-specific histones,
transition proteins, or protamine; though we note the presence of
a gene distantly-related to protamine (zgc:114104, 492 amino acids),
of unknown function and not detected in our sperm chromatin
preparations. Consistent with the lack of protamine, the round head
morphology of mature zebrafish sperm is similar to the ‘‘round
spermatid’’ stage of human sperm development, the stage preceding
protamine replacement of histones. Taken together, the mature
zebrafish spermgenome is packagedbyhistonesbut contains ahigher
relative level of linker histone than does a somatic cell (Fig. 1B).
Figure 1. Sperm morphology and biochemical composition of zebra-
fish sperm chromatin. (A) Zebrafish sperm have a round headmorphology
(;10-mM diameter). (B) Whole-cell extracts were prepared from sperm
and fibroblasts (ZF4) by lysing cells in 23 SDS-PAGE sample buffer. SDS-
PAGE analysis of the cell extracts reveals a shared canonical histone pat-
tern, with sperm displaying a higher level of linker histones. Histone
components in sperm were verified by mass spectrometry (Supplemental
Table 1). (C ) Internucleosomal distances are longer in zebrafish sperm.
Nucleosomes in sperm and fibroblasts (ZF4) were released by MNase di-
gestion, and the DNA was analyzed by agarose gel electrophoresis and
staining with EtBr (duplicate loading for each sample). Sperm displayed
a longer average internucleosomal distance, 50 bp, than did the fibro-
blast, 40 bp. M indicates protein marker; Sp, sperm; Fib, fibroblast; and
M1 and M2, DNA markers start from 1 kb with 1-kb increments and from
100 bp in 100-bp increments, respectively.
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As zebrafish sperm lack protamine, one
interesting question is how the genome
is condensed to a moderately-high level
in zebrafish sperm. As previewed above,
sperm chromatin has abundant linker
histone H1 variants, appearing nearly
stoichiometric with histone octamers
(Fig. 1B). Linker histones promote higher-
order chromatin compaction, bind nu-
cleosomes in a 1:1 ratio to form ‘‘chro-
matosomes,’’ and increase the average
nucleosome repeat length (Huynh et al.
2005; Robinson et al. 2006; Zhou et al.
2007). To determine repeat length, nu-
cleosomes from sperm or fibroblast cells
were released by limited micrococcal nu-
clease (MNase) digestion (Fig. 1C), reveal-
ing a longer average internucleosomal dis-
tance in sperm (50 bp) than fibroblasts
(40 bp), consistent with global H1 pack-
aging in sperm (Godde andUra 2009).Our
interpretation is that zebrafish sperm, in
comparison to fibroblasts, have a higher proportion of their ge-
nome in chromatosomes as opposed to nucleosomes.
A second mode of promoting compaction was suggested
through our analysis of histone modifications. The histone mod-
ificationmost closely associated with regulating compaction is the
acetylation of lysine 16 on histone H4 (H4K16ac), which alone
deters the transition of 10-nm nucleosome arrays to more com-
pact 30-nm fibers (Shogren-Knaak et al. 2006; Zhou et al. 2007;
Robinson et al. 2008; Kan et al. 2009). Furthermore, H4K16ac
uniquely antagonizes the chromatin remodeling ATPases (ISWI-
and CHD-family) responsible for organizing nucleosomes in or-
dered arrays of consistent spacing (Clapier et al. 2001; Corona
et al. 2002). Remarkably, immunoblot analyses demonstrate that
H4K16ac is virtually absent in zebrafish sperm chromatin (Fig. 2A;
Supplemental Fig. 1C), a result of distinction given the relative
abundance of other histone modifications in zebrafish sperm
(detailed below). We note that H4R3me2 is robustly detected
(Supplemental Fig. 1D), ensuring that the H4 tail is present and
intact in zebrafish sperm chromatin. Furthermore, we detect in
the zebrafish male gonad (data not shown) robust expression of
the two zebrafish orthologs of the human ISWI family members
SMARCA1 and SMARCA5. These results raise the possibility that
zebrafish sperm promotes genome condensation by utilizing
linker histones and the lack of H4K16ac, which coordinate with
assembly remodelers to promote compaction in somatic cells.
Active and repressive histone modifications in zebrafish
sperm chromatin
Histone modifications in sperm chromatin were assessed by com-
parison to levels in fibroblasts by immunoblotting (normalized to
histone H3 levels) (Supplemental Fig. 1B). We find the common
‘‘repressive/silencing’’ modifications (those correlated with gene
silencing) such as H3K9me3 and H3K27me3 present and at levels
comparable to or slightly lower than that of fibroblasts (Fig. 2F,G).
We note that mature sperm of humans and mice are transcrip-
tionally inactive and lack RNA polymerase (Pol) II (Miteva et al.
1995; Naz 1998; Grootegoed et al. 2000; data not shown). In
keeping, we find RNA Pol II barely detectable in zebrafish sperm
(<0.5% the level in fibroblasts). Nevertheless, sperm chromatin
retains ‘‘active/positive’’ histone modifications (those correlated
with gene activity/competency) at levels within twofold of fibro-
blasts, including H3K4me3, H3K4me2, and H3K14ac (Fig. 2B–
D)—though as discussed above, H4K16ac is absent. Furthermore,
levels of the histone variant H2AFV (ortholog of H2A.Z in mam-
mals), which has been linked with gene poising and chromatin
boundaries (Meneghini et al. 2003; Zhang et al. 2005), are com-
parable in sperm and fibroblasts (Fig. 2E). Thus, sperm chromatin
resembles somatic chromatin in bulk levels of themany active and
repressive histone modifications tested, as well as a key histone
variant.
Approaches for localizing histone modifications
and DNA methylation
Chromatin immunoprecipitation (ChIP) and methylated DNA
immunoprecipitation (MeDIP) were performed inmature sperm to
localize histonemodifications and DNAmethylation, respectively.
Fromnative spermchromatin, nucleosomeswere releasedbyMNase
digestion tomainly di- andmononucleosomes andutilized forChIP,
involving multiple modification-specific antibodies (Supplemen-
tal Fig. 2). For MeDIP, sperm DNA was purified and sheared into
fragments (;400 bp) and then immunoprecipitated with anti-
5-methylcytosine antibodies (Weber et al. 2007). Following am-
plification and labeling (see Methods), the ChIP eluate and input
were then hybridized to customized zebrafish promoter arrays that
tiled (at 250-bp resolution) 12 kb of the promoter region of about
13,000 genes, as well as many other chromosomal elements and
loci (miRNAs, repetitive sequences, tRNAs, etc.) to provide a ge-
nome-wide perspective of chromatin packaging. Enriched loci
were determined and ranked, and enriched gene promoters were
subjected to Gene Ontology (GO) term analyses, summarized in
Table 1 (for full lists, see Supplemental Materials; for GO analyses,
see Methods).
Figure 2. Bulk levels of histone modifications and histone variants in sperm. Immunoblotting was
applied to quantify the level of modifications in sperm by comparing to ZF4 fibroblast cells and nor-
malizing with H3 levels. (A) H4K16ac is not detected in sperm. (B–H) The levels of active and repressive
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Multivalent and regional chromatin packages
developmental loci
One clear and striking feature of our chromatin maps is regional
blocks of coincident ‘‘multivalent’’ chromatin at developmental
transcription factors utilized in embryonic development. First,
blocks of H3K27me3 are strikingly enriched at developmental loci,
a featuremost clearly evident at hox loci (but not at flanking genes)
and also evident at stand-alone transcription factors, with varying
degrees of spreading (Fig. 3A–C; Table 1; Supplemental Table 2).
Remarkably, of the 250 loci most enriched with H3K27me3, 90%
are the promoters of embryonic transcription factors, including
the vast majority of homeobox, T-box, GATA, and ETS family
members (Fig. 3A,B; Supplemental Table 3). In addition, the pro-
moters of many embryonic signaling molecules also displayed
H3K27me3 enrichment, including shha, fgf8a, wnt1, and wnt10b
genes (Fig. 3C). Indeed, GO analysis of the top 800 enriched loci
generates almost exclusively developmental gene classes with high
significance (Supplemental Table 2).
Interestingly, we observe general coincidence of H3K27me3
with the histone variant H2AFV (the zebrafish ortholog of mam-
malian H2A.Z) at developmental loci (Fig. 3A–C; top 250 genes,
Supplemental Table 4); intersecting of the respective top 800 genes
displays a 40% overlap (correlation P-value < 0.001). GO term
analysis showed H2AFV is highly enriched at the promoters of
genes involved in transcription and developmental processes
(Table 1; Supplemental Table 5), in keeping with previous obser-
vations in stem cells (Creyghton et al. 2008).
Notably, H3K4me2 and H3K4me3 are moderately enriched at
developmental loci bearing H3K27me3 (Supplemental Table 3).
H3K4me2/3 levels at developmental loci are higher than at av-
erage promoters (2.3- or 2.0-fold higher for H3K4me3 and
H3K4me2, respectively) and coincident with H3K27me3 (Fig. 3A–
C). This aligns with the observations in human sperm and ES cells
of the presence of ‘‘bivalent domains’’—coincident H3K4me3
and H3K27me3—on the orthologous developmental regulators
(Bernstein et al. 2006; Mikkelsen et al. 2007). To address whether
H3K27me3 and H3K4me3 are present on the same nucleosome
and at high density, we performed a sequential ChIP experiment
using mononucleosomes from sperm. However, this procedure
failed to provide enrichment (data not shown), suggesting that
most nucleosomes do not contain both marks, a result supported
by experiments described later suggesting that H3K4me3 is only at
moderate density at developmental genes, while H3K27me3 is at
high density. Curiously, certain gene clusters are enriched in
H3K4me3 while also deficient in H3K4me2 (i.e., hoxb and hoxd
clusters, but not hoxa) (Fig. 3A; Supplemental Fig. 3A,B), suggesting
precise and regional H3K4me states at certain loci. Finally, de-
velopmental loci lack significant H3K14ac enrichment, a mark
correlated with transcription in somatic cells (Supplemental Table
3), and also generally lack significant enrichment of the repressive
mark H3K9me3 (data not shown), a mark present at other types of
repressed loci, described later.
Taken together, the vast majority of developmental tran-
scription factors, as well as considerable number of key signaling
proteins, is bound by coincident blocks of H3K27me3, H3K4me2/
3, and H2AFV but lacks significant H3K14ac enrichment. These
blocks can extend for tens of kilobases at clustered gene loci,
whereas at stand-alone transcription factors genes, the blocks are
typically 2–5 kb (with variation), extending from the TSS into the
proximal promoter and sometimes encompassing the entire gene.
Pronounced DNA hypomethylation at developmental loci
Although the bulk zebrafish sperm genome is hypermethylated
(Mhanni and McGowan 2004), GO analysis reveals three cate-
gories of DNA hypomethylated promoters (false discovery rate
[FDR] < 0.1%): developmental regulators, transcription factors, and
metabolism/biosynthesis (Table 1; Fig. 3A–C; Supplemental Table
6). Indeed, the top 250 hypomethylated genes are dominated by
embryonic transcription factors (Supplemental Table 7). One ex-
ample is the hoxa locus, where hypomethylation covers almost the
entire locus (Fig. 3A). This observation extends beyond the clus-
tered developmental transcription factors to many stand-alone
developmental regulators (Fig. 3B). DNA hypomethylation at de-
velopmental loci in sperm was further confirmed by bisulfite se-
quencing (Supplemental Fig. 4), which revealed a nearly quantita-
tive absence ofmethylation. To identify loci that acquiremethylation
in development, we compared DNAmethylation profiles in sperm
to a differentiated cell type, adult zebrafish muscle. These exami-
nations revealed extensive methylation of developmental tran-
scription factor promoters not expressed inmuscle cells (almost all
hox genes), but the lack of methylation at the mef2 and hoxa13
promoters, which are expressed inmuscle (Fig. 3; data not shown).
Table 1. Summary of enriched gene categories for particular






H2AFV Endocrine system development
Hindbrain development
Embryonic morphogenesis










Cellular protein catabolic process
M phase
Flagellum organization





H3K36me3 Regulation of transcription
RNA biosynthetic process
Central nervous system development




Central nervous system development
Regulation of transcription
Regulation of biosynthetic process
Developmental process
Organ development
Top five nonredundant gene categories were retrieved from GO analyses.
FDR < 0.001; enrichment fold over random >2.0 unless otherwise specified.
aFDR between 0.0001 and 0.2.
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Indeed, 35%of the top 250 genes that acquireDNAmethylation in
their proximal promoter region in muscle cells are developmental
regulators such as transcription factors (Supplemental Table 8). In
contrast, along the majority of the genome, DNA methylation
profiles are virtually superimposable in sperm and muscle (Supple-
mental Fig. 3C). The acquisition of methylation at developmental
promoters in muscle was further confirmed by bisulfite sequencing
(Supplemental Fig. 4). Together, these results suggest that de-
velopment in zebrafish is accompanied by the methylation of de-
velopmental loci for alternative transcription programs.
We find multivalent chromatin and DNA hypomethylation
residing at the promoters of the vast majority of developmental
transcription factors and a large number of signaling factors in
zebrafish sperm. Exceptions to this include the promoters for the
transcription factors atoh7, atoh2a, pou1f1, foxn1, tal2, and gata1a,
among others (data not shown). Notably, these genes are not
generally expressed during early patterning or organ specification
but rather are expressed during or after segmentation—withmany
of these types of factors being expressed during the later stages of
eye, thymus, blood, or neuronal development. Thus, the multi-
valent chromatin may be more important for helping to regulate
gene expression in early embryos than during terminal differen-
tiation. Furthermore, the promoters of a subset of signaling factors
such as wnt5b, fgf10, egf, and bmp7 are also not marked with
H3K27me3 (or H3K4me2/3) and are DNA methylated (data not
shown). However, we have not identified a clear biological or
temporal attribute of this group of signaling factors that might
underlie their alternative marking, but these loci are of interest to
examine for DNA demethylation in embryos.
Loci bearing high levels of multiple active marks
in zebrafish sperm
We find the general coincidence of the three active marks tested
(H3K4me3, H3K4me2, and H3K14ac), as pairwise intersection
analyses of their respective top 250 enriched genes show signifi-
cant overlap (;25%–35%; P < 0.001) (Supplemental Tables 9–11).
GO analysis reveals H3K4me3 and H3K14ac significantly (FDR
<10%) enriched at the promoters of housekeeping genes and genes
for sperm-specific processes, including flagella/microtubules, cat-
abolic processes, regulation of M-phase, DNA repair, and nucleo-
tide metabolism (Table 1; Supplemental Tables 12, 13). Intuitively,
Figure 3. Developmental loci contain multivalent and regional chromatin features. ChIP-chip and MeDIP-chip profiles of developmental loci, with fold
enrichment over input in log2 scale (y-axis). (A) hoxa cluster. Lines above the tracks indicate nontiled regions on the array. (B) Stand-alone transcription
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their presence at genes for sperm-related functions likely repre-
sents retention of chromatinmodifications from spermatogenesis.
Thus, to provide proper context, developmental loci show only
low-moderate enrichment with H3K4me2/3 (2.0- to 2.5-fold) in
comparison to the gene categories for sperm-specific processes
(H3K4me2/3, 4.0- to 5.0-fold; H3K14ac, 2.3-fold). Finally, we ob-
served one large and curious region on chromosome 19 with
a continuous block of very highH3K14ac extending through genes
and intergenics, including the genes daxx and sdha and certain
protease subunits (data not shown).
Atypical placement of H3K36me3 in zebrafish sperm
Methylation on H3K36 is catalyzed by Set2-family methyl-
transferases, and deposition is generally coupled with RNA Pol II
elongation (Krogan et al. 2003; Carrozza et al. 2005; Joshi and
Struhl 2005; Keogh et al. 2005), leading to H3K36me3 placement
along gene bodies. In yeast, H3K36me3 recruits the Rpd3S com-
plex bearing histone deacetylase (HDAC) activity to prevent spu-
rious transcription in the coding region.
Remarkably, we do not observe H3K36me3 on the coding
regions of genes known to be expressed during spermatogenesis
and genes displaying robust levels of H3K4me3 and H3K14ac at
their TSS, knownmarks of transcriptional activity (Fig. 4A). Rather,
we find H3K36me3 at two types of loci. The type with the highest
levels of H3K36me3 is found at certain repetitive genes (U6 genes)
and elements (Fig. 4B). The second enriched type has clear
H3K36me3 in regional blocks and is coincident with devel-
opmental loci (Fig. 3A-C). This is most strikingly observed at the
clustered hox gene loci and also at divergent developmental genes,
which display clear enrichment of H3K36me3 in the intergenic,
such as the divergent wnt1-wnt10 genes (Fig. 3C). We found 137
unique genes overlapping or adjacent to high levels of H3K36me3
(more than 2.7-fold enriched) (Supplemental Table 14), and of
these, over 37% are categorized into transcription and develop-
mental processes (FDR < 0.001) (Supplemental Table 15). Intersec-
tion analyses show that H3K36me3 in gene promoters is strongly
correlated with H3K27me3, H2AFV, or H3K4me3 (each correla-
tion P < 0.001) (Supplemental Fig. 5), but not with H3K14ac—
properties evident at developmental genes (Fig. 3). Here, sequen-
tial ChIP was performed to test H3K36me3 and H3K27me3
coincidence, and co-enrichment was observed at the promoter
region of several developmental regulators tested (Supplemental
Fig. 6). These correlation data and localization of H3K36me3 in-
dicate a potential repressive role for H3K36me3 in zebrafish sperm.
Importantly, genes with H3K36me3 lack significant H3K14ac in
zebrafish sperm, consistent with observations in somatic cells
(Figs. 3A–C, 5C; Carrozza et al. 2005; Bell et al. 2007). This raises
the possibility that in spite of its atypical placement, H3K36me3 in
the germline might still recruit HDACs to help silence loci. Nota-
bly, the atypical placement of H3K36me3 is not restricted to
clustered genes, as stand-alone developmental transcription and
signaling factors contain blocks of H3K36me3 in their promoter
region, coincident with H3K27me3, H3K4me2/3, and H2AFV (Fig.
3B,C).
The presence of H3K36me3 enrichment at intergenics and
gene promoters/59 ends has not been reported previously in verte-
brates. This anomaly is not simply species specificity, as zebrafish
late embryos display typical H3K36me3 profiles involving enrich-
ment at 39 ends of transcribed genes (Vastenhouw et al. 2010),
a result confirmed here (Supplemental Fig. 7A). One question is
whichmethyltransferase is responsible for the placement of atypical
H3K36me3. Previous work in mice and humans has revealed addi-
tional H3K36 methyltransferases, including nsd1 and nsd2 (Wang
et al. 2007). We find the orthologs nsd1a, nsd1b, and nsd2 expressed
in zebrafish testis (data not shown), revealing candidates for future
investigation.
As H3K36me3 distribution was atypical, we therefore exam-
ined H3K36me2 at selected genes. We examined two genes
expressed in spermatogenesis (bactin2, ddx5) by ChIP-qPCR and
foundH3K36me2 higher in their coding regions than their 59 ends
(Supplemental Fig. 7B). Furthermore, the levels of H3K36me2 in
coding regions of expressed genes were much higher than were
levels detected at two developmental genes (gsc, klf4) that are not
expressed in spermatogenesis (Supplemental Fig. 7B). Therefore,
the distribution of H3K36me2 in sperm appears similar in concept
to somatic cells, whereas the distribution of H3K36me3 is atypical;
though for H3K36me2, we have only examined a few genes and
have not extended this examination genome-wide.
Chromatin features of repeat regions and noncoding RNAs
Our arrays included various regions of the genome, enabling an
analysis of chromatin profiles in repetitive regions, 5S/5.8S rDNA
repeats, tRNAs, and tRNA clusters.We emphasize that themajority
of the regions discussed in this section are nonunique and that
chromatin maps derived from array formats represent a class av-
erage of the element described. First, we find that type 1 transpo-
sons (LINE) are typically DNA methylated and deficient in the
activating marks tested but are (somewhat surprisingly) not en-
riched in any of the repressive marks tested (including H3K9me3),
nor are they deficient in H3K14ac (Supplemental Fig. 8A). Type 2
transposons (SINE) displayed a similar pattern, though with only
moderate levels of DNA methylation (Supplemental Fig. 8B). We
note that our examination of data sets from human T cells (Barski
et al. 2007) likewise does not generally reveal H3K9me3 at LINE or
SINE elements (data not shown). In counter-distinction, we find
the repeated genes encoding the noncoding RNAs U1 and U6
highly DNA-methylated and associated with particular silencing
marks (high H3K36me3 and moderate H3K9me3), while highly
deficient in activating marks (H3K4me2/3, H3K14ac, or H2AFV)
and lacking H3K27me3 (Fig. 4B). A similar pattern is noted for the
zebrafish 5S and 5.8S rRNA repeats, although 5.8S rDNA repeats
displaymuch higher levels of H3K9me3 than do the 5S repeats and
lack H2AFV deficiency (Supplemental Fig. 8C,D). In contrast, our
examination of data sets from human T cells (Barski et al. 2007)
reveals a general lack of H3K9me3 at the U1/U6 and 5S/5.8S loci,
suggesting some differences in the packaging of repetitive loci in
zebrafish and humans. The tRNA clusters all showed profiles sim-
ilar to that of the U1/U6 repeats, while most stand-alone tRNAs
were found in regions of active chromatin—bearing moderate to
high levels of H3K14ac and H3K4me2/3 while lacking H3K27me3,
H3K9me3, or H3K36me3 (Supplemental Fig. 8E,F). This parti-
tioning of tRNAs into very different chromatin environments
(active or repressive) is reminiscent of recent studies in human
cells, where those tRNAs in active chromatin environments were
occupied by the RNA Pol III machinery and those unoccupied by
Pol III were in repressive chromatin (Oler et al. 2010).
Transcripts retained in mature sperm and their
chromatin profiles
Mature sperm of vertebrates are transcriptionally inert (Miteva
et al. 1995; Naz 1998; Grootegoed et al. 2000). Consistent with this
Complex chromatin features in zebrafish sperm
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Figure 4. Chromatin features of genes expressed during spermatogenesis and of repetitive regions reveal atypical use of H3K36me3. (A) Genes
involved in spermatogenesis show strong enrichment of active marks, but not H3K36me3 or other repressive marks. (B) U1 and U6 repetitive genes are
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observation, RNA Pol II protein levels in mature sperm are barely
detectable (<0.5% compared with fibroblasts) (data not shown). In
spite of this, we reasoned that an examination of transcript profiles
of mature sperm might reflect, in part, the recent transcriptional
program of spermatocytes and spermatogenesis and might also
correlate with regions of active chromatin retained following the
cessation of transcription. To this end, we performed expression
profiling by microarray, and enriched RNAs (more than 5.8-fold
over background) were retrieved, yielding 1731 genes, which
revealed largely genes predicted to be highly expressed (encoding
ribosomal proteins, actin, tubulin, etc.) (Supplemental Table 16).
As expected, transcripts in mature sperm were well correlated with
active chromatin marks (H3K4me2/3 or H3K14ac) and DNA
hypomethylation (all P < 0.01), but not with the repressive mark
H3K27me3 or the poising mark H2AFV (Fig. 4A; Supplemental
Table 17).
Figure 5. Certain chromatin modification patterns in sperm correlate with the timing of embryonic gene expression. (A) Heat map showing the
correlations between genes that initiate expression at particular times during early development (2-hpf, 4-hpf, and 6-hpf columns from Mathavan et al.
2005) and particular histone modifications (or H2AFV enrichment) present at those genes in sperm (rows). Here, the color gradient shows the level of fold
enrichment (over random) of a pairwise intersection between the list of expressed genes (Supplemental Table 18), and the list of genes with the respective
histone modification/composition. A lack of significant intersection is depicted with a gray box. Genes expressed early/before MBT tend to have the
highest levels of active histonemodifications (acetylation and H3K4me2/3) in sperm, and those expressed after MBT tend to have repressivemodifications
(H3K27me3) in sperm. (B) Genes expressed before/early in MBT (3 hpf in zebrafish) are those that drive the cell cycle and promote metabolism, and are
enriched with high levels of active histone modifications.
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Sperm chromatin features and timing of gene
expression in embryos
Previous work suggests that a small number of loci might be
transcribed before or during an early phase of the mid-blastula
transition (MBT), the time when general zygotic transcription
initiates in the embryo (Mathavan et al. 2005). These genes include
factors that promote the cell cycle and those that assist with RNA
translation and metabolism, whose increased levels might help
prepare cells for handling the RNAs generated during zygotic
transcription. One possibility is that genes that are transcribed
prior to (or early in) the MBT in zebrafish (3 h post-fertilization
[hpf]) might have been marked in the sperm with particular
chromatin modifications or histone variants that might help fa-
cilitate their early activation in the embryo. Although certain
marks/proteins are likely lost at fertilization (see Discussion), some
might be retained and instructive. Here, we reasoned that if
marking in the sperm does occur, then genes that contain high
levels of activemarks inmature spermmight be correlatedwith the
genes activated prior to general zygotic transcription. We find that
genes bearing active histone marks (H3K4me2/3 or H3K14ac) in
sperm are indeed correlated with an early zygotic expression pro-
file (genes that others defined as initiating their expression at
2 hpf) (Fig. 5A; Mathavan et al. 2005). We note that genes that
drive the cell cycle and promotemetabolism in very early embryos
bear very high levels of active histonemarks in sperm (Table 1; Fig.
5B). In contrast, genes in sperm bearing high levels of the re-
pressive mark H3K27me3 and also the histone variant H2AFV are
better correlated with a post-MBT expression profile, when
developmental regulators begin to be expressed (Fig. 5A; exem-
plified in Fig. 3A–C). Genes that lack DNA methylation in sperm
are correlated with embryonic transcription, both pre- and post-
MBT, but better with post-MBT. In conclusion, although a causal
relationship has not been established, we do observe correlations
between chromatin modification patterns in sperm and gene ex-
pression timing in embryos.
Discussion
Zebrafish sperm utilize nucleosomes and linker histones
for packaging
Our goals are to understand chromatin-transcription relationships
and their contributions to totipotency in germ cells and early
embryos, and here we explore the zebrafish model. We find that
zebrafish packages its sperm genome in nucleosomes rather than
protamine, which is widely utilized inmammals. Curiously, sperm
genome packaging systems utilized in teleost fish vary widely; some
utilize only histone, while others use protamine or protamine-like
proteins (Shimizu et al. 2000). At present, it is not clear why certain
fish utilize particular packaging strategies, as they cannot be parti-
tioned on simple attributes such as salt versus freshwater. However,
our analysis of histone modification states and packaging compo-
sition suggest an intuitive strategy for the compaction of the his-
tone genome involving the coordinated use of nucleosomes lacking
H4K16ac, various linker histones, and possibly ISWI-type remod-
elers—based on extensive work on this process in somatic cells. We
note that the packaging of the sperm genome by nucleosomes
prevents its effectiveness as amodel for understanding the histone–
protamine transition. However, as discussed below, zebrafish ap-
pear very similar to humans in their packaging of genes important
for embryonic development, suggesting they may serve as an im-
portant model for developmental gene packaging and marking.
Features of gene packaging in germ cells and ES cells
Key issues in germ cells include understanding themechanisms for
totipotency and the relative contributions of the egg and sperm
genomes to this process. Here, chromatin structure could play an
important role, given its known roles in gene regulation and gene
poising. Currently, little is known in vertebrate eggs regarding the
chromatin structure that packages the key embryonic self-renewal
and developmental transcription factors. However, previous work
in mature human and mouse sperm has revealed that genes of
importance for embryo development (i.e., transcription factors)
lack DNA methylation and bear nucleosomes with distinctive
histone modifications, suggesting the specialized packaging and/
or poising of developmental genes in the germline (Weber et al.
2007; Down et al. 2008; Farthing et al. 2008; Arpanahi et al. 2009;
Hammoud et al. 2009; Brykczynska et al. 2010). This packaging is
similar in some respects to their packaging in ES cells, as they share
H3K4me3/H3K27me3 ‘‘bivalency,’’ DNA hypomethylation near
the TSS, and the presence of H2AFV (Bernstein et al. 2006;
Creyghton et al. 2008; Fouse et al. 2008). These similarities
strongly suggest some degree of overlap in the chromatin mecha-
nisms that contribute to the pluripotency of ES cells and totipo-
tency in germ cells. This also raises the interesting possibility that
the chromatin signatures of totipotency arose initially in the
germline—and were then largely maintained (or re-established) to
achieve pluripotency in somatic cells.
Furthermore, our studies extend on those before to reveal
considerable additional complexity in gene packaging in sperm, as
well as features thus far unique to germ cells. First, our examination
of multiple modifications argues for complex ‘‘multivalent’’ chro-
matin involvingmultiple positive and negativemarks. Likewise, we
speculate that additional histone modifications and packaging
proteins might be present at developmental genes in ES cells and
contribute to the robustness of their transcription states.
Also, whereas developmental genes in human or mouse ES
cells display bivalency in a relatively narrow range near the TSS of
genes (Bernstein et al. 2006;Mikkelsen et al. 2007; Hammoud et al.
2009; Brykczynska et al. 2010), hox loci in zebrafish sperm display
a contiguous block of modifications that typically (though not
uniformly) extend throughout the locus. For stand-alone tran-
scription factors in sperm, blocks of multivalent chromatin are
also present and typically extendovermany kilobases. The size and
typical uniformity of these chromatin blocks strongly suggests a
program for their establishment in the germline. Although the
mechanistic basis for this program (including the targeting, es-
tablishment, and maintenance) has not been determined, we
speculate that the self-renewal factors may have roles in targeting
chromatin, based on a precedent in ES cells for the targeting and
establishment of bivalent chromatin (Boyer et al. 2005, 2006a,b;
Orkin 2005;Welstead et al. 2008). Another outstanding question is
how these regions are bounded, as the boundaries for this chro-
matin are often quite sharp, raising the possibility of a boundary
factor such as CTCF. Further work in this area will involve an ex-
amination of the packaging of these genes in spermatogonial stem
cells.
H3K36me3 at developmental genes and relationships
to transcription
Remarkably, we find H3K36me3 located in developmental gene
promoters in sperm and not present at the 39 ends of coding re-
gions of genes, even when examining genes heavily transcribed
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possibilities, which are notmutually exclusive. One possibility is that
the rules for H3K36me3 deposition are the same in the germline and
soma—with H3K36me laid down during Pol II elongation (Krogan
et al. 2003; Keogh et al. 2005)—but that histone demethylases
remove the mark from highly transcribed genes before sperm cell
maturation. Another possibility is that the Set2d histone H3K36
methyltransferase, or a Set2 paralog such as nsd1/2, does not
methylate highly transcribed genes but instead methylates genes
inside the chromatin domains of developmental genes (such as hox
clusters) in a manner independent of transcription. Finally, one
attractive but speculative model is that the promoters of devel-
opmental loci (and perhaps more extensive regions at clustered
hox loci) are briefly and promiscuously transcribed in the germline,
leading to blocks of overlapping H3K4me2/3, H3K27me3, and
H3K36me3 patterns. By this model, the observed chromatin pat-
terns are dependent on initial promiscuous transcription (gener-
ating H3K4me3 in initiation regions and H3K36me in elongation
regions), followed by the silencing of the gene by the attraction
of PRC2/H3K27 by the nascent RNAs produced (Zhao et al. 2008;
Lee 2009; Tsai et al. 2010) and deacetylation through resident
H3K36me3 and its recruitment of HDACs (Carrozza et al. 2005;
Joshi and Struhl 2005; Keogh et al. 2005).
The purpose of zebrafish sperm chromatin
Loci of developmental importance in the embryo bear complex
multivalent chromatin in sperm and resemble several ways the
chromatin present at these loci during MBT, when developmental
loci must be repressed but able to be activated (Hammoud et al.
2009; Lindeman et al. 2010; Vastenhouw et al. 2010). Indeed, work
from several laboratories now suggests that totipotent/pluripotent
states of the germline and embryos share at developmental pro-
moters unmethylated and complex ‘‘multivalent’’ chromatin
(Hammoud et al. 2009; Lindeman et al. 2010; Vastenhouw et al.
2010). A clear question is whether this complex multivalent
chromatin built in the sperm is needed solely for the proper gene
regulation in the germline, or whether this multivalent chromatin
(or any portion) is maintained and instructive in the embryo. One
clear role for complex multivalent chromatin in the germline is to
repress the many fate-determining developmental embryonic
transcription factors. However, this does not explain the presence
at these genes of positive marks such as H3K4me2/3 and H2AFV,
which one would expect to be absent if the sole purpose is re-
pression. Alternatively, we speculate that the negative marks are
indeed present to repress these genes in the germline but that the
positive marks are present to prevent DNA methylation of these
loci, as even modest DNA methylation might bias these genes for
repression in the embryo. This notion is in keeping with previous
results that both H3K4me3 and H2A.Z/H2AFV are strongly anti-
correlated with DNA methylation (Okitsu and Hsieh 2007; Weber
et al. 2007; Zilberman et al. 2008).
The next issue is whether the epigenetic marks other than
DNA methylation (histone modifications and variants) are main-
tained in the embryo and are instructive. We observe correlations
of chromatin marking in sperm with expression in the embryo,
which might suggest the use of a chromatin memory to instruct
expression timing. However, for two reasons, these data must be
interpreted with caution. First, the genes with high H3K4me3 and
H3K14ac in sperm that are transcribed prior to MBT are strongly
transcribed in virtually every somatic cell type, so early expression
might be a result of their exceptionally strong promoters, not prior
marking in the sperm. Second, recent experiments in zebrafish
havedemonstrated that the bulk levels ofH3K4me3 andH3K27me3
are greatly diminished between fertilization and MBT, and these
reductions also occur at developmental genes (Vastenhouw et al.
2010). Furthermore, these marks are then visible again after MBT,
thus re-establishing this signature of pluripotency after zygotic
transcription. As they are diminished prior to MBT, these two
marks cannot solely be instructive for regulating the timing of gene
activation.
However, our description of multivalent chromatin raises the
possibility that one or more of the alternative marks, histone var-
iants, or possibly noncoding RNAs may still be maintained and
utilized to affect gene expression, though this remains to be tested.
However, we note that if amark/protein does persist, itmust have a
mechanism for self-renewal as new histones deposited during each
cell division must be newly marked. An alternative view proposed
previously (Vastenhouw et al. 2010) is of a naı¨ve chromatin ge-
nome prior to MBT—with developmental loci completely un-
marked prior to MBT and with chromatin modifiers (like H3K4
MTases) targeted to these loci at or just prior to MBT. A blending of
these mechanisms is also possible, with the use of transcription
factors to gain access to the open chromatin soon after fertiliza-
tion, which then help facilitate the reestablishment of those
chromatin marks and RNA Pol II recruitment at MBT. Future ex-
periments will help distinguish between these and other models.
Methods
Zebrafish stocks and cells
The wild-type zebrafish line (Tu¨bingen) and ZF4 cells (zebrafish
fibroblast cells) were maintained as described previously (Rai et al.
2007). Sperm cells were collected from sexually mature zebrafish
males by standard procedures (Westerfield 2000).
Western blotting and antibodies
The sperm or fibroblasts were counted using a hemacytometer,
washed with PBS, and then lysed in 23 sample buffer. Western
blotting was done according to standard procedures. Antibodies
were as follows: H3K4me3 (Abcam ab8580 and Active Motif
39159), H3K4me2 (Abcam ab7766), H3K14Ac (Upstate 07-353),
H2AZ (Abcam ab4174), H3K27me3 (Upstate 07-449), H3K9me3
(Active Motif 39161), H3K36me3 (Abcam ab9050), H3K36me2
(Abcam ab9049), H4K16Ac (Abcam ab1762), H4tetraAc (Upstate
06-866), and H3 (Abcam ab1791).
MeDIP, ChIP, and sequential ChIP
The procedures of MeDIP and ChIP were described previously
(Hammoud et al. 2009). Briefly, for MeDIP, 4 mg of sheared geno-
mic DNA (;400 bp) from mature sperm cells or dissected muscle
tissues was incubated with Dynabeads (Invitrogen) conjugated
with antibody against 5-methylcytidine (Eurogentec BI-MECY-
1000). For ChIP, 107 of sperm cells was treated with 0.05% lyso-
phosphatidylcholine (Sigma L1381) in PBS on ice for 10 min. Fif-
teen units of MNase (USB 70196Y) was then applied to release
oligonucleosomes for 5 min at 37°C. Two micrograms of specific
antibody conjugated to Dynabeads was incubated with the oligo-
nucleosomes. The pulled-down fragments and input from MeDIP
and ChIP were amplified by whole-genome amplification kit
(Sigma WGA2), labeled with cy3 or cy5, and then hybridized to
customized Agilent 244k-feature slides. Two biological replicas
were used for each ChIP and labeled with dye swap.
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For sequential ChIP, 2 3 107 of sperm cells was crosslinked
and lysed in sperm cell lysis buffer (50 mM Tris at pH 8.0, 10 mM
EDTA, 1mMEGTA, 150mMNaCl, 1% SDS, 3mMDTT). The lysate
was diluted with IP dilution buffer (16.7 mM Tris at pH 8.0, 167
mM NaCl, 1.2 mM EDTA, 1.1% Triton X-100, 0.01% SDS) and
sheared by sonication to obtain fragments of mononucleosome
size. Antibody was applied to first IP as above. After washing out
the nonspecific binding, chromatin-associated beads were in-
cubated in elution buffer (30 mM DTT, 0.1% SDS, 500 mM NaCl)
for 15 min at 37°C. The eluate was diluted 30-fold with IP dilution
buffer for the second IP and then treated as in standard IP pro-
cedures (Bernstein et al. 2006).
Customized zebrafish promoter microarray
The customized zebrafish promoter microarray, Z-array+, was
adapted from the Whitehead zebrafish promoter chipsets (Wardle
et al. 2006), by adding hundreds of additional genes and genetic
elements. Z-array+ constitutes of a pair of 244,000 feature arrays
with 60-mer oligos tiled an average 250 bp in the extended pro-
moter region (!9 to +3 kb) of approximately 13,000 mRNA genes,
miRNAs, tRNAs, rRNAs, repeat elements, CpG islands, and two
centromeric heterochromatin regions.
RNA extraction and expression microarray
As in standard procedures (Westerfield 2000), mature sperm cells
were screened under a microscope. RNA from 6 3 107 of mature
sperm cells was extracted with a Qiagen RNA isolation kit. The
zebrafish gene expression microarray (Agilent) includes 43,803
probes covering approximately 21,500 genes.
Data availability
The data have been deposited in the Gene Expression Omnibus
(GEO) under accession number GSE26609. The processed data are
available for programmatic access using the GenoPub DAS/2 data
distribution server (description, http://bioserver.hci.utah.edu/
BioInfo/index.php/Software:DAS2; GenoPub web app, http://
bioserver.hci.utah.edu:8080/DAS2DB/genopub (type ‘‘guest’’
for both the user name and password); and the DAS/2 Data Access
URL, http://bioserver.hci.utah.edu:8080/DAS2DB/genome). DAS/2
compliant genome browsers such as IGB (http://www.bioviz.org/
igb/) can be used to view the data sets, found under Danio rerio!
D_rerio_Jul_2007!Wu_2011.
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Note added in proof
Two studies have recently shown the deposition of H3K36me in
a transcription-independent manner in the germline of C. elegans
(Furuhashi et al. 2010; Rechtsteiner et al. 2010).
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Supplemental Methods 
 
Computational analytical methods 
TIMAT2, the open source application, was used in this analysis and obtained from the 
project website, http://sourceforge.net/projects/timat2. Zebrafish annotation and genomic 
sequence (Zv7 assembly, April 2007) were retrieved from the Ensembl website. 
  
Low-level ChIP-chip analysis 
Details about low- and high-level ChIP-chip analysis have been described in Hammoud 
et al. (2009). Microarray data from two biological replicas or inputs were first quantile 
normalized and median scaled to 100 (data not shown; Bolstad et al., 2003). Oligos with 
a calculated enrichment ratio (mean treatment replicas/mean control replicas in the log2 
ratio) were then mapped to Zv7 assembly. Summary scores were assigned to the center 
position of 400 bp windows (the majority size of fragments after whole genome 
amplification) covering at least two oligo start positions. High-scoring windows located 
within 250 bp distance were merged as intervals. The replica-averaged R2 values for 
microarray were as follows: 0.98 for the two sperm MeDIP replicas; 0.98 for the two 
muscle MeDIP replicas; 0.93 for the two H3K4me3 replicas; 0.93 for the two H3K4me2 
replicas; 0.91 for the two H3K14Ac replicas; 0.90 for the two H3K27me3 replicas; 0.80 
for the two H2AFV replicas; 0.88 for the two H3K36me3 replicas; and 0.97 for the two 
H3K9me3 replicas.  
 
High-level ChIP-chip analysis  
Genes associated with histone modifications were first identified through the "find 
neighboring genes (FNG)" application in TIMAT2 package. The top 800 genes located 
within 12kb of enriched loci were uploaded to GoMiner (http://discover.nci.nih.gov/ 
gominer/index.jsp) for GO term analysis. To calculate the percentage of developmental 
genes associated with multiple histone modifications, the highest enrichment fold of 
modifications for each gene was scored in proximal promoter regions (-2 ~ +1 kb of 
TSS).  Correlation significance between chromatin modifications-enriched regions was 
determined by using "intersect regions" application. This application generates 1000 
random data sets which are comparable to the original regions in chromosome, size, and 
GC contents. Correlation P-value and fold enrichment over random (fraction real 
intersection/fraction average random data set intersection) can then be assessed. The 
"Intersect lists" application applies random permutation to estimate correlation 




Bisulphite sequencing was performed as described (Clark et al., 1994). In brief, 2 ug of 
genomic DNA from sperm or muscle were treated with 0.2 M NaOH at 70oC for 10 
minutes, and 2.5 M sodium bisulfite and 5 uM hydroquinone at 50oC overnight. After de-
sulphonation with 0.3 M NaOH and 0.4 M NaOAc, the DNA sample was then purified 
with a Qiagen PCR clean-up kit. Nested PCR was applied to amplify loci of interest 
(primers listed in Supplemental Table 19). Amplicons were then subcloned and 
sequenced. 
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Supplemental	  Figure	  1.	  Comparison	  of	  histone	  bulk	  level	  between	  sperm	  (Sp)	  and	  the	  fibroblast	  
cell	  line	  ZF4	  (Fib).	  (A)	  Immunoblotting	  against	  H1	  shows	  that	  H1	  in	  ZF4	  is	  ~25%	  of	  the	  level	  
observed	  in	  sperm.	  (B)	  Immunoblotting	  against	  H3	  shows	  normalization	  of	  H3	  level	  to	  cell	  
number	  and	  verifies	  ZF4	  as	  an	  octaploid	  cell	  line.	  (C)	  Immunoblotting	  against	  tetra-­‐acetylation	  
on	  H4	  Lys	  5,	  8,	  12,	  and	  16	  shows	  no	  signal	  in	  sperm	  cells	  but	  a	  robust	  signal	  in	  fibroblast	  cells.	  (D)	  
Immunoblotting	  against	  H4R3me2	  demonstrates	  the	  vast	  majority	  of	  the	  H4	  tail	  is	  intact	  in	  
sperm	  chromatin.	  	  
	  
Supplemental	  Figure	  2.	  Quality	  control	  of	  input	  for	  ChIP	  with	  sperm	  cells.	  (A)	  Different	  doses	  of	  
MNase	  were	  applied	  to	  release	  nucleosomes.	  (B)	  Input	  DNA	  was	  shown	  before	  (lane	  1)	  and	  after	  
(lane	  2)	  whole	  genome	  amplification.	  M1	  and	  M2,	  DNA	  markers	  starts	  from	  1	  kb	  with	  a	  1-­‐kb	  
increment	  and	  from	  100	  bp	  with	  a	  100-­‐bp	  increment,	  respectively.	  
	  
Supplemental	  Figure	  3.	  Developmental	  loci	  with	  multivalent	  and	  regional	  chromatin	  features.	  
ChIP-­‐	  and	  MeDIP-­‐	  chip	  profiles,	  with	  fold	  enrichment	  over	  input	  in	  log2	  scale	  (y-­‐axis).	  (A)	  hoxb	  
cluster.	  (B)	  hoxc	  cluster.	  Lines	  above	  the	  tracks	  indicate	  nontiled	  regions	  on	  the	  array.	  (C)	  A	  
random	  region	  in	  the	  genome	  showed	  a	  superimposable	  DNA	  methylation	  profile	  between	  
sperm	  and	  muscle.	  
	  
Supplemental	  Figure	  4.	  Confirmation	  of	  DNA	  hypomethylation	  at	  the	  developmental	  loci	  in	  
sperm	  by	  bisulphite	  sequencing.	  Each	  circle	  represents	  a	  CG	  dinucleotide,	  with	  open	  circles	  for	  
unmethylated	  CG	  and	  closed	  circles	  for	  methylated	  CG.	  All	  loci	  tested	  match	  MeDIP	  data.	  
	  
Supplemental	  Figure	  5.	  Intersection	  analyses	  between	  H3K36me3	  and	  other	  marks	  (or	  H2AFV)	  
associated	  genes.	  Genes	  here	  were	  retrieved	  from	  proximal	  promoter	  regions	  (-­‐2	  ~	  +1	  kb	  of	  
TSS).	  Enrichment	  of	  H3K36me3	  in	  gene	  promoters	  shows	  significant	  correlation	  with	  H3K27me3,	  
H3K4me3,	  and	  H2AFV,	  but	  not	  H3K14ac.	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Supplemental	  Figure	  6.	  Coincidence	  of	  H3K27me3	  and	  H3K36me3	  at	  developmental	  loci	  
confirmed	  by	  sequential	  ChIP.	  qPCR	  result	  from	  sequential	  ChIP	  H3K27me3/H3K36me3	  showed	  
at	  least	  3.5	  fold	  enrichment	  over	  background	  (H3K27me3/beads)	  at	  the	  promoter	  regions	  of	  
developmental	  genes.	  
	  
Supplemental	  Figure	  7.	  Examination	  of	  H3K36me3	  enrichment	  in	  embryos	  and	  H3K36me2	  in	  
sperm	  by	  ChIP-­‐qPCR.	  (A)	  H3K36me3	  is	  enriched	  in	  the	  coding	  region	  of	  genes	  in	  zebrafish	  
embryos.	  As	  opposed	  to	  sperm,	  we	  observed	  enrichment	  of	  H3K36me3	  at	  3’	  ends	  of	  transcribed	  
genes	  at	  shield	  stage	  (6	  hpf).	  (B)	  H3K36me2	  is	  enriched	  at	  3’	  ends	  of	  expressed	  genes	  (bactin2,	  
ddx5)	  but	  not	  enriched	  at	  developmental	  genes	  (gsc,	  klf4).	  Amplicon	  for	  qPCR	  analysis	  locates	  at	  
either	  5’	  or	  3’	  end	  of	  a	  gene	  as	  specified.	  Intergenic,	  1	  kb	  upstream	  of	  ctsl1b,	  is	  not	  enriched	  
with	  any	  marks	  in	  the	  sperm	  ChIP-­‐chip	  data	  and	  serves	  as	  a	  negative	  control.	  
 
Supplemental	  Figure	  8.	  Chromatin	  profiles	  of	  repeat	  regions	  and	  noncoding	  RNAs.	  (A)	  Type	  1	  
(LINE)	  and	  (B)	  Type	  2	  (SINE)	  transposons	  are	  DNA	  methylated	  and	  deficient	  in	  activating	  marks	  
tested.	  Bars	  indicate	  designed	  probes	  for	  the	  repeat	  elements.	  (C)	  5S	  rDNA	  and	  (D)	  5.8S	  rDNA	  
show	  enrichment	  of	  DNA	  methylation,	  as	  well	  as	  H3K36me3	  and	  H3K9me3.	  (E)	  tRNA	  clusters	  
(tRNA-­‐Leu	  and	  tRNA-­‐Ser)	  were	  enriched	  with	  DNA	  methylation	  and	  particular	  repressive	  marks	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DNA methylation on cytosine in vertebrates such as zebrafish serves to silence
gene expression by interfering with the binding of certain transcription factors and
through the recruitment of repressive chromatin machinery. Cytosine DNA meth-
ylation is chemically stable and heritable through the germline – but also reversible
through many modes, making it a useful and dynamic epigenetic modification.
Virtually all of the enzymes and factors involved in the deposition, binding, and
removal of cytosine methylation are conserved in zebrafish, and therefore the
organism an excellent model for understanding the use of DNA methylation in
the control of gene regulation and other processes. Here, we discuss the main
approaches to quantifying DNA methylation levels genome-wide in zebrafish: one
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is an established method for revealing regional methylation (methylated DNA
immunoprecipitation (MeDIP)), and the other is an emerging method that reveals
DNA methylation at base-pair resolution (shotgun bisulphite sequencing). We also
introduce some of the analytical methods that are useful for identifying regions of
hypo- or hyper-methylation, and ways to identify differentially methylated regions.
I. Introduction
Cytosine DNA methylation is a major negative regulator of gene activity and an
important epigenetic modification. Prominent examples of DNA methylation in
normal biology include monoallelic X chromosome inactivation and genomic
imprinting in plants and animals, each of which results in stable and heritable
epigenetic states and gene repression (Heard, 2005; Martienssen et al., 2004).
DNA methylation in eukaryotic cells occurs primarily at cytosine residues in a
CpG dinucleotide context (Bird, 1996). This dinucleotide pair is under-represented
in vertebrate genomes and occurs at only 20–25% of the expected frequency
(Antequera and Bird, 1993a, 1993b). This under-representation is thought to result
from the high rate of spontaneous (or catalyzed) deamination of methylated cyto-
sines into thymidine (Bird et al., 1995). If left unrepaired prior to DNA replication, a
C to T transition occurs, which becomes an inherited mutation.
The human genome contains !35,000 regions of high-density CpGs known as
CpG islands (Antequera and Bird, 1993b, 1994) that have a low steady-state level of
cytosine methylation. These islands often reside in the promoter regions of house-
keeping genes and also at genes with tissue-restricted expression patterns. The
methylation state of promoter-proximal CpG islands often correlates inversely with
gene expression. Gene silencing occurs by two modes: first, many (but not all)
transcription factors will not bind their cognate recognition site if it is methylated.
Second, cytosine methylation is detected by a family of methylated DNA binding
(MBD) proteins (Ballestar and Wolffe, 2001; Hendrich and Tweedie, 2003;
Jorgensen and Bird, 2002; Wade, 2001), typified by MeCP2, which bind to meth-
ylated CpG stretches in vitro and in vivo and recruit histone deacetylases to repress
transcription (Ballestar and Wolffe, 2001; Hendrich and Tweedie, 2003; Jorgensen
and Bird, 2002; Wade, 2001). Indeed, this mechanism is likely the reason why the
majority of CpG methylation within the human genome targets transposons, which
constitute up to 45% of the human genome (Smit and Riggs, 1996) – with the
associated transcriptional repression acting to limit transposon expression andmain-
taining genome integrity (Bestor and Bourc’his, 2004).
A. DNA Methylation in Mammalian Development and Cancer
Beyond transposon silencing, roles for DNA methylation in regulating genes
important for both cancer and development have been established. In cancer cells,
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although there is a general trend of genomic hypomethylation (Feinberg and
Vogelstein, 1983, 1987; Feinberg et al., 1988; Gama-Sosa et al., 1983; Goelz
et al., 1985), the promoters of a number of genes are hypermethylated (Feinberg
and Tycko, 2004; Jones, 2003, 2005). Although this suggests mis-targeting of DNA
methylation in cancer, a clear model reconciling these two observations has not been
presented. In fact, the primary focus of studies investigating the relationship between
DNAmethylation and cancer in recent years has been on defining hypermethylation
of individual genes and the biological consequences of DNAmethylation-dependent
gene silencing. These findings have shown that a number of tumor suppressors (p16,
p15, Rb, estrogen receptor, hMLH1, and E-cadherin) are hypermethylated in cancer
cells (Feinberg and Tycko, 2004; Jones, 2003, 2005), but the mechanism underlying
their methylation is not entirely clear.
Although DNA methylation-directed gene silencing has been proposed to play an
important role in establishing tissue-specific expression patterns during develop-
ment, this notion has been controversial. Indeed, CpG islands are rarely methylated
in normal tissues, even at genes that are transcriptionally silent. Until recently, there
were very few examples of dynamic changes in the methylation state of a CpG island
itself during development. However, several studies now support roles for alterations
in DNA methylation at promoters and CpG islands during development and for
silencing germline genes in the soma (Back et al., 1999; Beri et al., 2007; Borgel
et al., 2010; De Smet et al., 1999; Douet et al., 2007; Hammoud et al., 2009; Hsu
et al., 2007; van der Ploeg and Flavell, 1980).
B. DNA Methylation in Zebrafish
Zebrafish is a major model system for the study of development, and has been
emerging as a major model system for the study of cancer. In mammals, the enzymes
that conduct cytosine DNA methylation fall into three families: DNMT1, DNMT2,
and the DNMT3 family which includes DNMT3a, DNMT3b, and the catalytically
inactive DNMT3L. Representatives of all three DNMT families are present in
zebrafish (Fig. 1). Here, the zebrafish ortholog of DNMT1 (which conducts the
majority of maintenance methylation in vertebrates) is highly conserved with its
mammalian counterpart. Likewise, zebrafish dnmt2 is also highly conserved with
mammalian DNMT2, though DNMT2 enzymes are likely focused on the methyla-
tion of RNAs in all organisms (Goll et al., 2006; Rai et al., 2007). Interestingly,
zebrafish harbors five dnmt genes in the DNMT3 family (which conduct the major-
ity of de novo methylation); however, they do not clearly partition into sets that are
more DNMT3a- or DNMT3b-like (Fig. 1). Finally, we have not found a zebrafish
ortholog of mammalian DNMT3L, which conducts (in partnership with DNMT3a)
imprinting in mammals. This fact, combined with other analyses (unpublished)
suggests that zebrafish lacks the same imprinting modes observed in mammals,
though parent-of-origin specific methylation remains possible. Beyond the DNMTs
themselves, virtually all of the additional enzymes involved in the control of
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chromatin structure, including those known to interact with DNA methylation
machinery, are conserved (unpublished observations). Therefore, zebrafish has
excellent potential as a model for understanding the use of DNA methylation
dynamics in the control of gene regulation and its mis-regulation in cancer. We
believe that these studies will be greatly enabled bymethods that allow genome-wide
assessments of DNA methylation.
We note that early studies questioned whether DNA methylation dynamics
occurred during early zebrafish development (Macleod et al., 1999), as relatively
high levels of DNA methylation were observed at the blastula stage, where DNA
methylation levels are low in mammals (Monk et al., 1987). However, as zebrafish
lacks a hypomethylated trophectoderm lineage, they display relatively high levels of
DNAmethylation at the blastula stage. Later studies revealed that the zebrafish sperm
genome is initially hypermethylated, and then rapidly demethylated following fertil-
ization, with zygoticmethylation reaching a low point at the 1–2-cell stage – reaching
levels lower than the levels observed in the oocyte itself (Mhanni and McGowan,
2004) (Fig. 2). DNA methylation levels begin to rise in the early blastula and by the
mid-blastula stage reach levels observed in differentiated tissues (i.e., adult muscle).
We have confirmed this result using highly sensitive mass spectrometric analysis
(Rai et al., 2008) (Fig. 2). Thus, zebrafish shares with mammals the process of
gametic DNA demethylation occurring in the one-cell embryo, followed by gradual
[(Fig._1)TD$FIG]
Fig. 1 DNA methyltransferases in zebrafish. Zebrafish harbors members of each vertebrate DNA
methyltransferase family, including Dnmt1, Dnmt2, and Dnmt3. The families all share a highly conserved
catalytic DNA methyltransferase domain (MET). However, N-terminal sequences of vertebrate DNMTs
vary and may confer specific functions to each family. Zebrafish Dnmt enzymes Dnmt3–Dnmt7 are all
related to themammalianDNMT3 family, which is greatly expanded in zebrafish (Rai et al., 2010a). NLS,
nuclear-localization sequence; Replication, domain targeting to replication foci; Zn, zinc finger domain;
BAH, bromo-adjacent homology domain; CH, calponin homology domain; PWWP domain, binds
H3K36me and DNA; PHD-like, binds histone modifications; and MET, the conserved catalytic methyl-
transferase domain. (See color plate.)
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de novo methylation. This process may help prepare the embryo for zygotic tran-
scription and somatic development. Thus, a central question for all vertebrates is to
define themethylation patterns of the gamete genomes, early embryos, and during the
process of development both in the embryo and in particular tissues.
In zebrafish, very recent data from our lab has begun to reveal the sites of
methylation genome-wide (Wu et al., in press). We have shown that the promoters
of particular transcription factors (i.e., hox genes) are unmethylated in sperm but
highly methylated in a differentiated somatic tissue (muscle) (see Fig. 3), which
raises the possibility that critical developmental transcription factors are regulated by
methylation (Wu et al., in press). Our work on sperm–soma comparisons comple-
ments and extends (to a genome-wide scale) recent and earlier studies on the meth-
ylated states of selected transcription factor promoters in the embryo (Lindeman
et al., 2010b; Yamakoshi and Shimoda, 2003). Furthermore, we find that many
germline genes are unmethylated in the sperm but methylated in the soma in zebra-
fish, in keeping with studies in mammals (Wu et al., in press). Prior functional work,
which involved the knock down of Dnmt1 or Dnmt3b (viamorpholino oligonucleo-
tides) in zebrafish embryos or discovery of dnmt1 genetic mutations, has revealed
tissue-specific terminal differentiation defects (Anderson et al., 2009; Rai et al.,
2010a, 2006) that provide clear evidence for the importance of zebrafish Dnmt
enzymes in development. Here, dnmt1 morphant embryos harbored intestinal and
exocrine pancreas differentiation defects. In contrast, the liver and endocrine pancreas
[(Fig._2)TD$FIG]
Fig. 2 Dynamic changes in DNA methylation during early zebrafish development. Genome-wide
demethylation at fertilization and early blastula is followed by re-establishment of methylation through
unknown mechanisms. The figure depicts data fromMhanni andMcGowan (2004), as well as recent data
from our lab (Rai et al., 2008) and from Phillipe Collas’ lab (Lindeman et al., 2010b). We speculate that
individual zebrafish Dnmts target specific genes required for tissue-specific terminal differentiation
events (see (Rai et al., 2010a)). (See color plate.)
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of dnmt1 morphants appeared normal. Taken together, these studies strongly suggest
the selective use of Dnmt enzymes in tissue-specific differentiation in zebrafish.
II. Rationale
The two current approaches to study cytosine DNA methylation on a genome-
wide scale are: (1) methylated DNA immunoprecipitation (MeDIP) (Weber et al.,
2007), and (2) genome-wide shotgun bisulphite sequencing (Cokus et al., 2008;
Lister et al., 2009). The methods below are designed to allow researchers to conduct
their choice of the two for DNA methylation profiling. The MeDIP is technically
simpler, has available analysis pipelines, and provides regional information
(!250 bp resolution) with moderate dynamic range. In contrast, the shotgun bisul-
phite method provides base-pair resolution of cytosine DNA methylation, but
requires very deep sequencing and considerable computational expertise for data
analysis, though analysis programs are now emerging. Both involve the initial
extraction of DNA from cells/tissues of interest but diverge in the subsequent steps.
III. Methods
A. Extraction of Zebrafish Genomic DNA
To extract genomic DNA from zebrafish adult tissue, embryos, or cell lines, we
utilize the Gentra Puregene Tissue Kit (Qiagen Inc., Valencia, CA) with the follow-
ing modifications. Instead of using a mortar and pestle to grind frozen tissues, fresh
chunks of tissues (e.g., muscle or liver) are minced quickly on ice (Note: this is
[(Fig._3)TD$FIG]
Fig. 3 Differentially methylated regions between zebrafish sperm and muscle. We show here the
methylation status of a cluster of hoxc genes and its neighboring genes as an example of MeDIP-chip.
Fold enrichment over input in log2 scale is shown on the y-axis. Almost the entire hoxc cluster is
hypomethylated in sperm (compared to the genome average, 0 in signal intensity), and most of the hoxc
genes are hypermethylated in muscle. This reveals dynamic methylation of a suite of genes that regulate
development. (See color plate.)
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omitted for embryos and cells). All source materials are incubated with the
‘‘Cell Lysis Solution’’ and Proteinase K (1 mg/mL) at 65 !C overnight, and then
incubated with RNaseA (4 mg/mL) at 37 !C for 2 h. In the final step, we use 10 mM
Tris (pH 8.0) to rehydrate DNA. The expected yield from 5–10 mg of tissues is
2–15 mg of DNA.
B. The MeDIP Procedure, Coupled to Genome-Scale Tiling Arrays
The MeDIP procedure begins by the shearing of genomic DNA by sonication to
the desired size (typically 200–600 bp, median 400 bp), followed by purification
with a PCR purification kit (Qiagen Inc.) or equivalent approach; in the final step
DNA is eluted with 10 mMTris (pH 8.0). Four micrograms of sheared genomicDNA
(50 mL in a microcentrifuge tube) is then denatured at 93 !C for 10 min, and then
transferred to and kept on ice. Ice-cold IP buffer (20 mM Tris (pH 7.5), 140 mM
NaCl, 0.05% Triton X-100) and 10 mg of antibody raised against 5-methylcytidine
(Eurogentec BI-MECY-0100) are added to the sheared genomic DNA (final volume
500 mL) and incubated with rotation at 4 !C for 2 h. About 12 " 106 PanMouse IgG
magnetic Dynabeads (Invitrogen 110.41) are washed with PBS (pH 7.4) plus 5 mg/
mLBSA and then added to the DNA–antibodymixture for incubation at 4 !C for 2 h.
Non-specific proteins and DNA are removed with IP buffer (3 " 1 mL, washes), and
the DNA–antibody–bead complexes are treated with Proteinase K (2 mg/mL in
200 mL IP buffer) at 50 !C for 3 h to release the DNA from the antibody–bead
complex. Methylated DNA was then purified from the supernatant with a Qiagen
PCR purification kit; elute DNA from the column with 10 mM Tris (pH 8.0).
To detect regional methylation levels, methylated DNA is applied to a ‘‘tiling’’
microarray containing oligonucleotide probes that tile the whole genome or all
promoters (termed ‘‘MeDIP-chip’’) (Weber et al., 2007). The purified DNA frag-
ments derived from the antibody pull-down above, and (separately) the DNA input
for MeDIP (representing the whole genome), are amplified by a whole-genome
amplification kit (Sigma WGA2) and labeled (separately) with either Cy3 or Cy5
dyes. Samples are then hybridized to the desired microarray. The precise protocols
for labeling and hybridization can be found on the Agilent website, and examples
involving our data can be accessed at the GEO public database, GSM655008.
We have developed one of the zebrafish genome-scale tiling microarrays, which
utilizes the platform from Agilent Technologies, and we have made this publicly
available (Agilent G4495A). Our customized zebrafish microarray was adapted
from an existing zebrafish promoter array (Wardle et al., 2006) by adding hundreds
of additional genes and genetic elements. This array design is printed on two slides,
each bearing 244,000 60-mer oligonucleotides, tiled at an average spacing of 250 bp
and covering the ‘‘extended promoter’’ region (#9 to +3 kb from transcription start
site) of$13,000 mRNA genes. Good representation of most of the known (in 2007)
miRNAs, tRNAs, rRNAs, repeat elements, CpG islands, and two centromeric het-
erochromatin regions (GEO platforms GPL6600 and GPL6601) are also included.
Probe design was based on genome versions Zv4, Zv5, and Zv6. Additional effective
18. DNA Methylation Profiling in Zebrafish 333
	   139	  
 
  
options for whole genome tiling microarrays are available from Agilent and
Nimblegen, including the GEO platforms GPL9970 (Vastenhouw et al., 2010) and
GPL10835 (Lindeman et al., 2010a).
C. Shotgun Bisulphite Sequencing, Coupled to High-throughput Sequencing
Bisulphite treatment of genomic DNA coupled with DNA sequencing is the
standard approach to detect individual methylated cytosine residues. Here, unmethy-
lated cytosine is converted to uracil, whereas methylated cytosine remains
unchanged (Clark et al., 1994). Specific loci can then be examined by PCR, sub-
cloning, and sequencing. However, to reveal DNA methylation at base-pair resolu-
tion at a genome-wide scale, bisulphite conversion is coupled to whole-genome
shotgun high-throughput sequencing (termed ‘‘shotgun bisulphite sequencing’’)
(Cokus et al., 2008; Lister et al., 2009). Complete genome-wide maps of cytosine
DNA methylation at base pair resolution via shotgun sequencing in zebrafish have
not been published, but have been successfully produced by our lab (unpublished).
Here we provide our latest protocol.
We begin with 3 mg of genomic DNA derived via non-organic purification, which
we find improves the ‘‘behavior’’ of the nucleic acid in subsequent steps. Next, we
spike the genomic DNA with unmethylated lambda DNA (30 ng, to 1% of total
DNA) to provide an internal control for bisulphite conversion efficiency. (Note:
lambda reads are parsed from the dataset and examined for C > T conversion rates,
and our procedure consistently provides >99% conversion.) The genomic DNA
(with lambda) is sheared with a sonicator (Covaris Inc., Woburn, MA) to an average
size of!400 bp. Then, we follow the instructions for the ‘‘TruSeqDNASample Prep
Kit’’ (Illumina Inc., San Diego, CA) to repair sheared DNA ends and to add an
adenine to one strand. We then ligate adaptors (bearing methylated cytosine bases)
provided by Illumina, Inc., to the DNA fragments according tomanufacturer instruc-
tions. The methylated cytosines in the adaptors resist conversion in the subsequent
bisulphite step. A PCR purification kit or MiniElute PCR purification kit (Qiagen
Inc.) is used to purify the DNA after each treatment. For bisulphite conversion, we
use and follow the ‘‘EpiTect Bisulphite Kit’’ (Qiagen Inc.). However, we modify the
thermal cycler conditions for all DNAdenaturation steps to 98 "C for 10 min and add
an additional 2 h of incubation at 60 "C at the end of the procedure to ensure
complete conversion. We have tested this modification to ensure that minimal
degradation/fragmentation of DNA occurs and that >99% of unmethylated cyto-
sines are converted thymidine. Subsequently, high-fidelity Phusion DNA polymer-
ase is applied for strand replication of all bisulphite-converted DNA per instructions
in the Illumina TruSeq kit. After purification with a PCR purification kit (Qiagen
Inc.), DNA fragments are then separated on a 1% agarose gel, and those in the
300–400 bp size range are excised. The resulting library of bisulphite-converted
DNA fragments is then sequenced on an Illumina system. We currently prefer
sequencing with an Illumina HiSeq2000 machine using the 101-base paired end
format for ease of mapping because it yields optimal read lengths and read numbers.
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D. Analysis of Genome-wide Methylation Data
We are using two effective methods to analyze MeDIP-chip data: TIMAT2 (T2)
and SLAM. We have used T2 extensively for the analysis of DNA methylation
patterns (Wu et al., in press) and here provide a figure of the hoxc locus that displays
both the extent of hypomethylation of developmental transcription factors in zebra-
fish sperm and the acquisition of methylation at several hoxc gene promoters in
differentiated muscle (Fig. 3). T2 is an open source application developed by the
Bioinformatics Shared Resource at the University of Utah, and the program and
tutorials are available at http://bioserver.hci.utah.edu/BioInfo/index.php/Software:
T2. Zebrafish annotation and genomic sequence can be retrieved from the Ensembl
or UCSC Genome Bioinformatics website. Microarray data from biological repli-
cates or inputs are first quantile normalized and median scaled to 100 (Bolstad et al.,
2003). Oligos with calculated enrichment ratio (mean treatment replicas/mean con-
trol replicas in the log2 ratio) are then mapped to the zebrafish genome assembly.
Summary scores are assigned to the center position of 400-bp windows (the majority
size of fragments after whole genome amplification) covering at least two oligo start
positions. High-scoring windows located within 250-bp distance are merged as
intervals. Intervals are then ranked by their best window scores and these intervals
represent hypermethylated regions. Additionally, T2 can be set up to make intervals
with reduced window scores by setting ‘‘true’’ for both ‘‘quantileNormalizeAll’’ and
‘‘makeReducedWindows’’ in the parameter file. These intervals with reduced scores
represent hypomethylated regions and possibly regions with contiguous poor probes
and hybridization. When comparing methylation level between two different mate-
rials, one is set as ‘‘treatment’’ and the other is set as ‘‘control’’ for T2 analysis. This
will generate differentially methylated regions. To view the datasets, DAS/2 com-
pliant genome browsers such as IGB (http://www.bioviz.org/igb/) can be used.
Genes near hypo- or hyper-methylated regions can be identified by the application
called ‘‘find neighboring genes (FNG)’’ in the T2 package. To have an overview of a
group of genes, we retrieve the top 800 or 1600 genes located within 12 kb of loci of
interest and submit to GoMiner (http://discover.nci.nih.gov/gominer/index.jsp) for
GO term analysis.
A second, effective program is SLAM: gauSsian dynamic Linear Analysis of
Methylated chip data. SLAM is a new method developed by W. Evan Johnson
and colleagues (Yumei Li, Timothy M. Bahr, Spencer Clark) that quantifies the
probe-wise methylation levels for two-color MeDIP-chip arrays using four steps:
normalization, smoothing, mixture modeling, and transformation. We find SLAM
exceptionally useful for the identification of differentially methylated regions of
biological relevance; regions that convert from mostly methylated to mostly
unmethylated (or vice versa), rather than regions that convert from entirely methyl-
ated to mostly methylated (for example). SLAM is available for downloading at
http://jlab.byu.edu/SLAM/Home.html. SLAM is packaged forWindows users with a
user-friendly graphical user interface. It also exists in a command-line Python script
built for MacOS, UNIX, and Linux users. SLAM is created for use with Agilent and
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Nimblegen tiling arrays as well as for Illumina’s GoldenGate and Infinium plat-
forms. SLAM has been utilized in the analysis of zebrafish and human datasets
(Rai et al., 2010b) and will be used by our laboratory in future publications.
Currently, there is not a single established pipeline for the analysis of shotgun
bisulphite sequencing, because the technique is relatively new and the analysis
interests of users are diverse. However, applications to analyze shotgun bisulphite
sequencing are under development in many labs, including those that first applied
the technique (Cokus et al., 2008; Lister et al., 2009), and our laboratory (in
collaboration with the Bioinformatics Shared Resource (University of Utah), and
with W. Evan Johnson (Brigham Young University). To facilitate progress in this
area, our laboratory will be providing protocols and data analysis methods for
chromatin and epigenetics analysis in zebrafish prior to publication. Our progress
can be observed at links present at http://bioserver.hci.utah.edu/BioInfo/index.php/
Software, and we intend to have a website focused on chromatin and DNA methyl-
ation analysis in zebrafish publicly available during Fall, 2011.
IV. Discussion
Zebrafish harbors all the enzymes and factors presently known in mammals to be
involved in the deposition and binding of cytosine DNAmethylation. Zebrafish also
possesses orthologous pathways of DNA demethylation, including AID, MBD4,
TDG, and the recently discovered TET1/2/3 family of enzymes, which are involved
in the hydroxylation of methyl-cytosine (Rai et al., 2008; Tahiliani et al., 2009).
Also, many functional studies strongly suggest that most of the modes of regulation
of DNA methylation and demethylation (imprinting likely being an exception) are
conserved in zebrafish. Furthermore, zebrafish harbor the systems for the generation
of piRNAs, which may help direct DNA methylation and other modifications to
repeat regions and other loci in the genome. Given the many advantages of zebrafish
for the analysis, isolation, and manipulation of tissues in early development (and the
germline), zebrafish should prove an important model organism for future studies in
this area. Here, the ability to examine DNA methylation profiles on a genome-wide
scale is transforming our understanding of the dynamics of DNAmethylation and its
use in developmental processes. We hope that the methods described here, and by
other colleagues in the field, will help stimulate the study of chromatin and DNA
modifications in the zebrafish and that studies on this important developmental
model will help break new conceptual ground in the chromatin field.
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Abstract 
One central question in development is how totipotency and pluripotency are 
established. Bivalent marks, as the chromatin signature of pluripotency, are not persistent 
and diluted during early synchronous cell division, making them arguable to be heritable 
epigenetic marks. Studies in early embryos indicate DNA methylation status is 
fundamental to confer totipotency and pluripotency. The anticorrelation between DNA 
methylation profiles and H2A.Z occupancy is conserved from plants to vertebrates. Here, 
we examined H2afva occupancy in early embryos in zebrafish by ChIP-seq. We found 
both H2afva level and enrichment remain consistent from sperm to embryos. H2afva is 
enriched in the proximal promoter region in the first nucleosome. Consistent with 
previous studies, H2afva occupancy is anticorrelated to DNA methylation both in the 
promoters and outside of promoters. These data suggest H2afva is potentially a heritable 





Replacement of canonical histones by histone variants is critical to regulate gene 
activity and DNA-related cellular processes (Zlatanova and Thakar 2008; Marques et al. 
2010). Canonical histones are synthesized in a replication-dependent manner in S phase, 
whereas histone variants are synthesized and incorporated into chromatin throughout the 
cell cycle (Ahmad and Henikoff 2002; Krogan et al. 2003; Kobor et al. 2004). H2A.Z, an 
H2A variant, is evolutionarily conserved from protozoan (Plasmodium falciparum) and 
budding yeast (Saccharomyces cerevisiae) to humans with 90% sequence conservation 
(Iouzalen et al. 1996). Exchange of H2A-H2B dimers to H2A.Z-H2B dimers depends on 
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the ATP-dependent Swr1 complex in yeast, named after the SWR1 catalytic subunit 
(Krogan et al. 2003; Kobor et al. 2004; Mizuguchi et al. 2004). Orthologs of Swr1 
complex in vertebrates are SRCAP and P400 complexes, and there is no functional 
overlap between these two for incorporation of H2A.Z (Wu et al. 2005; Cai et al. 2006). 
Budding yeast has a single copy of the H2A.Z gene (HTZ1), whereas mammals have two 
H2A.Z genes (H2afv and H2afz), whose protein products differ by three residues, and 
they are possibly not redundant (Faast et al. 2001; Eirin-Lopez et al. 2009). Here, H2A.Z 
will be referred as the general name of the variant in different species. Zebrafish have two 
H2A.Z genes, h2afva and h2afvb. The H2afva protein sequence is 100% identical to 
vertebrate H2A.Z and H2afvb has an extra 21 residues in the N-terminus and 2 different 
residues in the rest of 128 residues; little is known about H2afvb. H2A.Z shares 60% of 
sequence identity to H2A, suggesting the uniqueness and importance of H2A.Z (Jackson 
and Gorovsky 2000). Deletion of H2A.Z leads to lethality in many organisms, such as 
Tetrahymena thermophile, Drosophila melanogaster, Xenopus leavis, and Mus musculus 
(van Daal and Elgin 1992; Iouzalen et al. 1996; Liu et al. 1996; Clarkson et al. 1999; 
Faast et al. 2001; Ridgway et al. 2004). In budding yeast, H2A.Z is not essential but is 
involved in many biological processes including transcriptional activation and repression, 
chromosome stability, and DNA repair (Santisteban et al. 2000; Meneghini et al. 2003; 
Krogan et al. 2004; Mizuguchi et al. 2004; Zhang et al. 2005). In mammalian cells, 
H2A.Z is important for transcriptional regulation, chromosome segregation, centromeric 
functions, and cancer metastasis (Rangasamy et al. 2003; Rangasamy et al. 2004; Gevry 
et al. 2007; Gevry et al. 2009).  
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The role of H2A.Z in transcription remains unclear. In human cells and 
Drosophila, the level of H2A.Z in promoter regions is positively correlated with gene 
activity, whereas in yeast cells, it is inversely correlated (Guillemette et al. 2005; Li et al. 
2005; Zhang et al. 2005; Barski et al. 2007; Mavrich et al. 2008). Interestingly, in 
response to changes in growth conditions, H2A.Z in yeast cells is required to promote full 
gene activation and shows redistribution from activated promoters to repressed/basal 
promoters (Li et al. 2005; Zhang et al. 2005). Biochemical studies further show H2A.Z-
associated nucleosomes are more susceptible to loss, suggesting H2A.Z poises 
repressed/basal promoters for activation through loss of histones—see below for the 
poising role of H2A.Z in ES cells (Placek et al. 2005; Zhang et al. 2005). 
Posttranslational modifications of H2A.Z could partially explain the conflicting role of 
H2A.Z in transcription. Acetylation in the N-terminus of H2A.Z is associated with active 
transcription in yeast and mammalian cells, whereas monoubiquitylation in the C-
terminus of H2A.Z is found on the inactive X chromosome of female mammals (Millar et 
al. 2006; Sarcinella et al. 2007; Talbert and Henikoff 2010; Ku et al. 2012; Valdes-Mora 
et al. 2012).  
Loss of H2A.Z in mice leads to embryonic lethality by the gastrulation stage 
(Faast et al. 2001). The mutant embryo develops normal ICM and trophectoderm but fails 
to further differentiate beyond the blastocyst stage, suggesting H2A.Z is indispensable for 
efficient differentiation of stem cells (Banaszynski et al. 2010). Genomic localization of 
H2A.Z in ES cells coincides with Suz12, a core subunit of the PRC2 complex, in the 
promoters of developmental regulators, and the co-occupancy is interdependent 
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(Creyghton et al. 2008). Consistent with mouse models, H2A.Z-depleted ES cells fail to 
differentiate upon induction.  
Analyses of nucleosome dynamics during ES cell differentiation show both 
nucleosome depletion and de novo incorporation occur, typically in the promoters and 
exons of genes (Li et al. 2012b). Interestingly, H2A.Z is localized to nucleosome 
depletion regions in undifferentiated ES cells (Li et al. 2012b; Hu et al. 2013). H2A.Z-
associated nucleosomes are enriched with H3K4me3 in promoters and enhancers. 
Furthermore, H2A.Z-associated nucleosomes encompass binding sites for the endoderm 
“pioneer” transcription factor FoxA2. Both H2A.Z and FoxA2 are required for 
nucleosome depletion and efficient ES cell differentiation. Knockdown of H2A.Z impairs 
Oct4, MLL, and PRC2 complexes for efficient binding to target genes. Taken together, 
these data suggest H2A.Z maintains chromatin accessibility in ES cells and poises genes 
for activation during differentiation. 
DNA methylation is often observed on cytosine in the context of CpG 
dinucleotide and involved in gene silencing. CpG-rich regions, CGIs, mostly occur in the 
promoter regions but lack methylation irrespective of the transcription status. DNA 
methylation and H2A.Z incorporation are reported as antagonistic in both animals and 
plants (Zilberman et al. 2008; Conerly et al. 2010; Zemach et al. 2010). H2A.Z in 
Arabidopsis is found specifically at the 5’ promoter regions of genes where CGIs reside, 
and DNA are unmethylated (Zilberman et al. 2008). Another profound example is the 
pericentromere regions, which contain many transposons and heavily methylated DNA, 
but a very low level of H2A.Z. Loss of MET1 DNA methyltransferase in Arabidopsis 
causes both losses and gains of DNA methylation and leads to opposite changes in 
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H2A.Z deposition. Conversely, loss of PIE1, homolog of SWR1, leads to a loss of H2A.Z 
deposition, especially at intragenic regions, and to a corresponding gain of DNA 
methylation. During B-cell lymphomagenesis, H2A.Z is progressively lost and this is 
generally correlated to a gain of DNA methylation (Conerly et al. 2010). Differential 
comparison on H2A.Z occupancy and DNA methylation between cell states shows that 
gain of H2A.Z occupancy at the gene body corresponds to loss of DNA methylation in 
the transition from transformed cells to tumors. When 5-azacytidine, a cytosine analogue 
that inhibits DNMTs, is applied to mammalian culture cells, regional loss of DNA 
methylation corresponds to a gain of H2A.Z despite CG density (Yang et al. 2012). 
Moreover, mutual exclusion between H2A.Z and DNA methylation is observed in the 
entire gene in puffer fish (Zemach et al. 2010). These data suggest the conserved 
anticorrelation relationship between H2A.Z occupancy and DNA methylation and a 
potential mechanism for targeting of DNA methylation.  
Dynamic DNA methylation accompanies and potentially guides developmental 
processes. To confer pluripotency in the embryo, methylation on paternal genomes is 
erased globally by active demthylation before first cell division in the zygote, whereas the 
maternal genome is demethylated by passive dilution over cleavage divisions (Mayer et 
al. 2000; Oswald et al. 2000; Howell et al. 2001). Studies in zebrafish examine DNA 
methylation from gametes to early embryos, suggesting DNA methylation profiles 
underlie embryo totipotency and pluripotency, and zebrafish appear to achieve a 
totipotent chromatin state when zygotic genome activates (Jiang et al. 2013; Potok et al. 
2013). 
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In ES cells, the combination of active and silent modifications termed “bivalent 
domain” (H3K4me3 and H3K27me3) is enriched in the highly conserved noncoding 
regions, which encompass many developmentally important regulators (Bernstein et al. 
2006). Studies have proposed the role of bivalent domain in guiding developmental genes 
for activation or repression during lineage specification (Mikkelsen et al. 2007; Li et al. 
2012a). Therefore, the bivalent domain is considered as the chromatin signature of 
pluripotency in ES cells. Vastenhouw et al. (2010) suggest chromatin attributes including 
bivalent marks cannot be detected by immunoblotting until ZGA and chromatin signature 
is reestablished when zygotic genome activates in zebrafish (Vastenhouw et al. 2010). 
After ZGA, the majority of genes are enriched with H3K4me3 and developmental 
regulators are highly enriched with bivalent domain. These data suggest a model where 
chromatin signature is not inherited from gametes but is reestablished in early embryos. 
In contrast, studies from Wu et al. (2011) and Lindeman et al. (2011) show a similar 
chromatin profile between sperm and pre-MBT embryos and suggest an inheritance 
model (Lindeman et al. 2011; Wu et al. 2011). They are able to detect H3K4me3 by 
immunoblotting and immunostaining before ZGA and further show bivalent domains are 
enriched in the promoters of developmental genes before ZGA—though at lower level 
compared to post-ZGA. It is still unclear if the diluted level of bivalent marks is 
instructive for embryogenesis and if there is any heritable epigenetic mark from gametes 
to embryos. 
Examination of dynamic DNA methylation in early embryos suggests totipotency 
and pluripotency are conferred through DNA methylation profiles. However, how DNA 
methylation is targeted in early embryos remains unknown. Here, we determine the 
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genomic localization of H2afva in zebrafish early embryos, before, during, and after 
ZGA by ChIP-seq (chromatin immunoprecipitation and sequencing). H2afva is enriched 
in the promoters of genes, including both early and late expressed genes in early 
embryos. This promoter-enriched pattern in zebrafish is consistent with other vertebrates. 
H2afva profile in early embryos is very similar to that in sperm and potentially inherited 
from sperm. Notably, the strong anticorrelation relationship between DNA methylation 
and H2afva is observed in early embryos, especially before zygotic genome is activated. 
This anticorrelation has been reported previously in zebrafish mature sperm by ChIP-chip 
from our lab (Wu et al. 2011), and is consistent with other vertebrates and plants 
(Zilberman et al. 2008; Conerly et al. 2010; Zemach et al. 2010). Taken together, these 
data suggest H2afva could be inherited from gametes to embryos and potentially sets up 
DNA methylation profiles of totipotency and pluripotency in sperm and early embryos. 
 
Results 
Enrichment of H2afva at Promoter Regions in Sperm  
and Early embryos  
Global zygotic transcription is not launched until the 1k-cell stage in zebrafish. 
Before ZGA, the occupancy of bivalent chromatin marks is diluted due to multiple 
rounds of synchronous cell division cycles. To investigate the epigenetic role of H2afva 
in very early embryos, we determined the bulk level and genomic localization of H2afva 
before, during, and after ZGA. Immunoblotting was performed against H2afva in sperm, 
256-cell, high (one stage after 1k-cell), and dome embryos (Figure 4.1A). Notably, 
H2afva is relatively abundant at the 256-cell stage compared to sperm and other stages, 
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suggesting H2afva is potentially inherited from gametes and not diluted after multiple 
rounds of cell division in very early embryos. In contrast to diluted bivalent marks before 
ZGA (Vastenhouw and Schier 2012), H2afva is persistent and could play an important 
role during very early embryogenesis.  
Next, we determined H2afva genomic localization by performing ChIP-seq. From 
50 bp single-end sequencing, we retrieved more than 20 million aligned reads from each 
stage and normalized IP to input to calculate enrichment fold and FDR (false discovery 
rate). To show its genomic enrichment, H2afva is plotted around TSS (transcription start 
site) and TTS (transcription termination site) (Figure 4.1B–C). H2afva is roughly 
enriched at the first nucleosome, which represents a conserved feature of eukaryotic 
genes, as reported in yeast, plants, and humans (Guillemette et al. 2005; Li et al. 2005; 
Raisner et al. 2005; Zhang et al. 2005; Millar et al. 2006; Barski et al. 2007). In contrast, 
H2afva is less abundant and even depleted in gene bodies and intergenic regions. H2afva 
has overall better enrichment at high stage (Figure 4.1B), but shows the same pattern at 
all stages after normalizing internally (Figure 4.1C). The similar pattern between sperm 
and early embryos suggests the H2afva pattern is already established in sperm and 
potentially passed to early embryos. Interestingly, H2afva enrichment after ZGA (at 
dome and high stages) mirrors that before ZGA (at sperm and 256-cell stages), 
suggesting H2afva as bivalent marks is prepatterned prior to ZGA (Lindeman et al. 2011). 
Gene Ontology (GO) analysis showed H2afva in sperm and early embryos is enriched in 
a variety of genes including transcription factors, housekeeping genes, and terminal 
differentiated markers (Table 4.1, and exemplified in Figure 4.2).  
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Anticorrelation between H2afva and DNA Methylation  
in Sperm and Early Embryos 
DNA methylation profiles underlie embryo totipotency and pluripotency (Jiang et 
al. 2013; Potok et al. 2013). However, how DNA methylation is set up in early embryos 
remains unknown. H2A.Z has been reported to antagonize DNA methylation in several 
organisms (Zilberman et al. 2008; Conerly et al. 2010; Zemach et al. 2010; Wu et al. 
2011). To examine if H2afva is involved in setting up DNA methylation profile in early 
embryos, H2afva enrichment and DNA methylation profiles are plotted around TSS and 
TTS in a genome-wide scale (Figure 4.2A–C). Consistent with previous promoter-based 
microarray results in zebrafish sperm, H2afva and DNA methylation from deep 
sequencing show anticorrelation in promoter regions as well (Figure 4.2A; Wu et al. 
2011). Moreover, not only in the promoters in sperm, anticorrelation between H2afva and 
DNA methylation is also observed outside of promoter regions in sperm, as well as in 
early embryos (Figure 4.2A–C and 4.3). In the examples of genomic snapshots, one can 
easily identify the coincidence of H2afva enrichment and DNA hypomethylation (Figure 
4.3). We then compare the overall H2afva-enriched regions and DNA methylation status. 
DNA hypo- and intermediate methylated regions are correlated to H2afva-enriched 
regions (FDR < 5%) with a significant P-value (< 0.001) in sperm and early embryos 
(Table 4.2). Notably, regions lack of DNA methylation are predominantly occupied by 
H2afva in early embryos, 62% before ZGA, and 70% after ZGA. In contrast, DNA 
methylated regions tend to be depleted of H2afva with P-values less than 0.001 for 
anticorrelation.  
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Studies in ES cells show H2A.Z is highly enriched at both promoters and 
enhancers (Hu et al. 2013). Enhancer regions defined by H3K4me1 in zebrafish embryos 
are poorly overlapped with H2afva in early embryos (3.8% before ZGA, 6% after ZGA) 
(Bogdanovic et al. 2012). Interestingly, H2afva shows anticorrelation to DNA 
methylation in enhancer regions in early embryos (Figure 4.2 D–E). The majority of 
enhancer regions in early embryos are DNA methylated and lack of H2afva. Despite the 
low occupancy of H2afva in enhancers, H2afva-enriched regions show DNA 
demethylation (similar data observed in sperm and dome embryos and not shown). Taken 
together, H2afva is anticorrelated to DNA methylation at both promoters and enhancers 
in sperm and very early embryos. The consistent patterns of H2afva and anticorrelation to 
DNA methylation from sperm to very early embryos suggest H2afva is heritable and 
potentially sets up DNA methylation profiles of totipotency and pluripotency.  
 
Discussion 
We attempt to address how epigenetic signatures of totipotency and pluripotency 
are established. DNA methylation status is fundamental to confer totipotency and 
pluripotency in embryos. Totipotency in embryos is achieved at ZGA with paternal DNA 
methylome compatibility and maternal methylome reprogramming (Jiang et al. 2013; 
Potok et al. 2013). It remains unknown how the DNA methylation profile is set up in 
early embryos. Genome-wide anticorrelation between H2A.Z and DNA methylation in 
plant, mouse tumor cells, and puffer fish indicates a possibility to set up DNA 
methylation profiles by H2A.Z (Zilberman et al. 2008; Conerly et al. 2010; Zemach et al. 
2010). Our previous work in zebrafish sperm also suggests H2afva enrichment is 
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anticorrelated to DNA methylation in promoter regions (Wu et al. 2011). Here, we 
utilized the ChIP-seq approach to examine genomic localization of H2afva in sperm and 
early embryos and then compared them to corresponding DNA methylation profiles. 
Consistent with previous studies, H2afva is enriched at DNA hypomethylated regions in 
both promoters and enhancers from sperm to early embryos, whereas DNA methylated 
regions are deprived of H2afva (Figure 4.4). These data suggest H2afva is a potential 
factor to set up DNA methylation profiles of totipotency and pluripotency in embryos.  
Bivalent chromatin as the chromatin signature of pluripotency is identified in 
sperm and ES cells (Bernstein et al. 2006; Mikkelsen et al. 2007; Li et al. 2012a). 
Genome-wide profiling of epigenetic features has proposed two potential models, re-
establishment and inheritance models, to establish chromatin signature of pluripotency in 
early embryos. The Schier group detected bivalent chromatin in developmental regulators 
after ZGA but not before ZGA, suggesting the chromatin signature is erased and 
reestablished in early embryos (Vastenhouw et al. 2010). Our previous studies in 
zebrafish sperm, however, suggest chromatin signature (bivalency or multivalency) is 
already established in male gamete and potentially inherited to embryos (Wu et al. 2011). 
The Collas group was able to detect bivalent chromatin in developmental regulators 
before ZGA (256-cell stage), though at a relatively low level compared to that after ZGA 
(Lindeman et al. 2011). Notably, a significant portion of bivalent genes is shared between 
sperm cells and pre-MBT embryos, suggesting a certain degree of inheritance of 
chromatin signature from gametes to embryos. One might argue if the low level of 
bivalent marks is indeed inherited and, importantly, instructive for gene poising during 
embryogenesis and/or antagonizing DNA methylation. We reason bivalency is not the 
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only option to establish pluripotency/totipotency in embryos, and other factors could 
possibly contribute to competency as well. This is exemplified by the programming of 
dynamic DNA methylation (Jiang et al. 2013; Potok et al. 2013), and incorporation of 
H2afva nucleosomes. Other possibilities include histone marks rather than H3K4me3 and 
H3K27me3, histone variants, transcription and transcription factors, and noncoding 
RNA.  
Before ZGA, embryos undergo synchronous cell divisions and the genome is 
inactive. The levels of bivalent chromatin marks are diluted during cleavage cycles prior 
to ZGA, making them debatable as heritable epigenetic marks, even though the pattern is 
maintained from sperm to post-ZGA (Figure 4.4; Lindeman et al. 2011; Vastenhouw and 
Schier 2012). Studies of DNA methylation dynamics indicate the maternal genome 
undergoes reprogramming in very early embryos but not for the paternal genome (Jiang 
et al. 2013; Potok et al. 2013). It remains unclear if chromatin marks are reprogrammed, 
somewhat similar to DNA methylation reprogramming, in early embryos. Nonetheless, 
examination of H2afva in zebrafish sperm and early embryos shows both the level and 
occupancy likely remain consistent, even during cleavage cycles (63% of H2afva protein 
remained after 8 cleavage cycles, at 256-cell stage, compared to sperm cells, Figure 
4.1A–B). The identification of the high level of the H2afva nucleosomes before ZGA is 
very important as this suggests H2afva is not diluted by cell division and is potentially 
inherited as the epigenetic memory from gametes to early embryos. The enrichment of 
H2afva before ZGA favors the inheritance model of epigenetic marks. The next question 
is whether H2afva is instructive to embryogenesis, that is, whether H2afva drives gene 
expression underlying embryogenesis.  
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Several possible mechanisms have been proposed to set up DNA methylation 
profiles (Iouzalen et al. 1996; Heintzman et al. 2007; Thomson et al. 2010). For example, 
H3K4me3, the permissive chromatin mark, is correlated with DNA hypomethylation 
(Weber et al. 2007). Cfp1, a subunit of H3K4 methyltransferase, binds unmethylated CG 
dinucleotides and thus connects methylation on H3K4 to DNA hypomethylation 
(Iouzalen et al. 1996; Heintzman et al. 2007; Thomson et al. 2010). Our study focused on 
the antagonism between H2A.Z and DNA methylation, which has been reported in many 
organisms and is evolutionally conserved. Overlapping between H2afva-enriched regions 
and DNA methylation status suggests the majority of DNA hypomethylated regions are 
occupied with H2afva in very early embryos—over 62% at 256-cell and dome stages, but 
only 28% in sperm. Although H2afva is the dominant factor to set up DNA methylation 
profiles in very early embryos (before ZGA, Table 4.2), there could be other factors 
involved in the setup. Since H3K4me3 level and enrichment are low and zygotic 
transcription is inactive at a very early stage, we reason that CG density and/or other 
histone variants could play a role in the targeting of DNA methylation. Regions with low 
CG density tend to be methylated whereas dense CGIs resist methylation. We will 
incorporate CG density into our analysis. Another histone variant, marcoH2A, is enriched 
at developmental genes in pluripotent cells and regulates expression of these genes during 
cellular differentiation and embryo development (Buschbeck et al. 2009). The 
localization and function of macroH2A during embryo development suggests its potential 
to be an important epigenetic mark. It will be interesting to examine how macroH2A 
relates to DNA methylation profiles.  
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H2A.Z protein sequence is 100% identical among vertebrates, and the 
anticorrelation to DNA methylation is reported from fish, plants, and to humans, 
suggesting H2A.Z is an evolutionally conserved protein with some fundamental 
functions. Indeed, deletion of H2A.Z leads to embryonic lethality in many organisms 
(van Daal and Elgin 1992; Iouzalen et al. 1996; Liu et al. 1996; Clarkson et al. 1999; 
Faast et al. 2001; Ridgway et al. 2004). The zygotic genome is activated at 1000-cell 
stage (midblastula transition, MBT) in zebrafish, but between 2- to 8- cell stages in 
mammals. The timing difference might be attributed to the need of transcription profiles 
to specify extraembryonic tissue and inner cell mass lineages in mammals. Our studies in 
zebrafish suggest H2afva could be a heritable epigenetic mark from gametes to embryos, 
and the anticorrelation between H2afva occupancy and DNA methylation in both sperm 
and embryos—providing a potential mechanism to set up DNA methylation profiles. In 
C. elegans, HTZ-1 is essential for normal development and highly expressed when the 
zygotic genome activates (Whittle et al. 2008). Since there is no DNA methylation in C. 
elegans, we suspect there is no need of HTZ-1 before ZGA. In contrast, H2A.Z has been 
detected before ZGA in Xenopus and at least at blastula in mice (Faast et al. 2001; 
Ridgway et al. 2004). Despite the timing difference of ZGA between zebrafish and 
mammals, we speculate a conserved role of H2A.Z in vertebrates as a heritable 
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Methods 
Zebrafish Stocks  
A wild-type zebrafish line (Tübingen) is maintained as described previously (Wu 
et al. 2011). Embryos were collected from sexually mature zebrafish by standard 
procedures (Westerfield 2000). 
 
Western Blotting and Antibody 
Sperm cells were counted using a hemacytometer, washed with PBS, and then 
lysed in 2X sample buffer. Western blotting was done according to standard procedures 
with H2AFV antibody (Abcam ab4174).  
   
ChIP-seq 
The procedures of ChIP on sperm cells or embryos were described previously 
(Lee et al. 2006; Wu et al. 2011). Briefly for the lysis step, 107 of sperm cells were 
treated with 0.05% lysophosphatidylcholine (Sigma L1381) in PBS on ice for 10 minutes. 
15 units of micrococcal nuclease (MNase, USB 70196Y) was then applied to release 
oligonucleosomes at 37oC for 5 minutes. Embryos (need >2000 256-cell embryos) were 
fixed in 1.85% formaldehyde for 15 minutes at room temperature, and lysed in low-salt 
cell lysis buffer [10 mM Tris (pH 8.1), 10 mM NaCl, 0.5% NP-40, and protease 
inhibitors]. Genomic DNA was then sheared by sonication to 200–500 bp. 2 µg of 
specific antibody conjugated to Dynabeads were incubated with the nucleosome lysate. 
The pulled-down DNA fragments and input DNA were subjected to an Illumina TruSeq 
ChIP sample preparation kit (Illumina IP-202-1012) for end repairing, adaptor ligation, 
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and library construction according to Illumina’s protocol. Deep sequencing was 
performed on Illumina HiSeq 2000 for a 50 bp single-end run.  
 
Bioinformatics Analyses 
Illumina Fastq files were aligned using Novoalign (Novocraft) to Zv9 genome 
version (danRer7 at UCSC). All DNA methylation data were extracted from Potok et al. 
(2013). Enhancer regions defined by H3K4me1 in zebrafish embryos were obtained from 
Bogdanovic et al. (2012). ChIP-seq enrichment and further bioinformatics analyses were 
performed with the USeq package (http://sourceforge.net/projects/useq/) and BioToolBox 
package (http://code.google.com/p/biotoolbox/). Aggregate Plotter (http://useq. 
sourceforge.net/cmdLnMenus.html#AggregatePlotter) was used to plot a class average 
map and BisSeq Aggregate Plotter (http://useq.sourceforge.net/cmdLnMenus. 
html#BisSeqAggregatePlotter) for DNA methylation data. Intersect Regions 
(http://useq.sourceforge.net/cmdLnMenus.html#IntersectRegions) was used to compare 
two sets of regions and compared to a set of random regions to calculate a P-value. The 
closest enriched genes within 10kb were retrieved with Find Neighboring Genes 
(http://useq.sourceforge.net/cmdLnMenus.html#FindNeighboringGenes) and submitted 
to GoMiner (http://discover.nci.nih.gov/gominer/ GoCommandWebInterface.jsp) for GO 
analysis. IGB (http://bioviz.org/igb/) was used to browse genomic datasets.   
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Figure 4.1 H2afva is enriched at promoter regions in early embryos and potentially 
inherited from sperm. (A) Bulk level of H2afva is determined by immunoblotting 
against H2afva and normalized by H3 level. H2afva is abundant in early embryos, even 
before zygotic genome activation (256-cell stage). Sp, sperm. h, hours post fertilization. 
(B) H2afva is enriched in +1 nucleosome and shows similar pattern in sperm and early 
embryos. H2afva enrichment is plotted in window values around TSS or TTS. (C) As in 
(B), but H2afva window values are scaled within each stage. 
 
  





Figure 4.1 Continued 
  






Figure 4.2 H2afva is anticorrelated to DNA methylation in sperm and early 
embryos. (A–C) H2afva enrichment is normalized to input and plotted with fraction CG 
methylation around TSS or TTS in sperm cells (A), 256 cells (B), and dome embryos (C). 
(D) H2afva enrichment is normalized to input and plotted with fraction CG methylation 
upstream or downstream 3000 bp of enhancer. H2afva is anticorrelated to DNA 
methylation at enhancer regions in early embryos. 833 enhancer regions (out of 22093 
regions, 3.8%) overlapped with H2afva (5% FDR and log2 above 1). (E) H2afva 
enrichment is normalized to input and plotted with fraction CG methylation upstream or 
downstream 3000 bp of enhancer. Enhancer regions are defined by H3K4me1 enrichment 
in zebrafish embryos (Bogdanovic et al., 2012). 47166 enhancer regions (out of 47970 
regions, 98.3%) not overlapped with H2afva (5% FDR and log2 above 1). DNA 
methylation data are from Potok et al., 2013. 
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Figure 4.3 Enrichment of H2afva in promoter regions and anticorrelation between  
H2afva and DNA methylation in early embryos. QFDR of H2afva is shown is in y-
axis (QFDR 30 = 0.1%, QFDR 20 = 1%, QFDR 13 = 5%). DNA methylation is shown as 
fraction of CG methylation. (A) A broad region includes hoxd cluster. (B) A broad region 
includes ntla. (C) ntla and its promoter region. (D) A broad region includes late-
expressed genes such as hibadha.     
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Figure 4.3 Continued  
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Figure 4.3 Continued  
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Figure 4.4 H2afva is potentially a heritable epigenetic mark and antagonizes DNA 
methylation from sperm to embryos. Both H2afva level and occupancy remain 
consistent from sperm to early embryos, whereas bivalent marks are diluted by cell 
division before ZGA (lighter color for H3K4 and H3K27 Me). DNA methylation profiles 
are set up by H2afva nucleosomes and possibly other factors (denoted by ?), especially 
before ZGA when important chromatin marks are low. After ZGA, chromatin marks, as 
well as transcription factors, could play a role in setting up DNA methylation profiles. 
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Table 4.1 Summary of H2afva enriched gene categories.  
H2afva in sperm* 
(1) Metabolic process; (2) translation; (3) regulation of cell cycle; (4) cell 
development; (5) regulation of cell death. 
H2afva at 256-cell 
(1) Chromatin organization; (2) translation; (3) metabolic process; (4) transcription; 
(5) cell cycle. 
H2afva at high stage 
(1) Translation; (2) metabolic process; (3) development; (4) transcription; (5) cell 
division. 
H2afva at dome stage* 
(1) Vesicle mediated transport; (2) phosphorylation; (3) metabolic process; (4) 
catabolic process; (5) erythrocyte maturation. 
 
Top 5 nonredundant gene categories were retrieved from Gene Ontology analyses with 
FDR < 0.01 unless otherwise specified. * FDR < 0.05. 
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Table 4.2 Statistics for DNA methylation and H2afva.  









HypoMe Sp_h2afva 28.5% (5703/19984) <1/1000  
Sp DNA 
InterMe 








HypoMe 2.5h_h2afva 62.0% (16829/27136) <1/1000  
2.5h DNA 
InterMe 








HypoMe 4.5h_h2afva 68.0% (13960/20544) <1/1000  
4.5h DNA 
InterMe 








H2afva is anticorrelated to DNA methylation in sperm and early embryos with P-value 
less than 0.001. DNA hypomethylation has fraction of CG methylation less than 0.19; 
DNA intermediate 0.2 to 0.79; DNA hypermethylation above 0.8. All H2afva enriched 
regions here have FDR below 5%. P-value was calculated based on comparison to a set 
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Zebrafish Utilize Nucleosomes and Linker Histones  
to Package Sperm Genome 
Our goals are to understand how epigenetic features are programmed and their 
contributions to totipotency and pluripotency in germ cells and early embryos. By 
studying zebrafish as a model system, we found that the zebrafish sperm genome is 
packaged completely with nucleosomes and abundant linker histones to reach a 
moderate-high level of condensation. In mammals and some fishes, the sperm genome is 
packaged with protamines into a highly condensed and compact structure. It is not clear 
why some teleost fish use protamine or protamine-like proteins to package the sperm 
genome and some do not (Shimizu et al. 2000). However, our analysis of histone 
modification states and packaging composition suggests an alternative strategy to 
condense the sperm genome involving the coordinated use of nucleosomes lacking 
H4K16ac, various linker histones, and possibly ISWI-type remodelers. Despite the 
difference, as discussed below, zebrafish appear very similar to humans in their 
packaging of genes important for embryonic development, suggesting that zebrafish may 
serve as an important animal model for developmental gene packaging and marking.  
 
Features of Gene Packaging in Germ Cells and ES Cells 
Genome-wide mapping of epigenetic features in zebrafish sperm revealed a 
programmed packaging strategy (Figure 5.1). Active marks including H3K4me3, 
H3K4me2, and H3K14ac are enriched in genes involved in spermatogenesis and early 
cellular processes before MBT such as the cell cycle, suggesting that epigenetic status in 
sperm represents a memory from a previous program and potentially a preparation for a 
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future program (early embryogenesis). Interestingly, genes highly enriched with active 
marks in sperm tend to be expressed in very early embryo (before ZGA, Chapter 2). 
Important developmental regulators in zebrafish sperm are marked with bivalent 
chromatin (H3K4me3 and H3K27me3), along with additional features including atypical 
placement of H3K36me3, H2AFV nucleosomes, and lack of DNA methylation. Despite 
the different strategy to condense sperm genomes, both mammals and zebrafish package 
developmental regulators in bivalent chromatins with depleted DNA methylation, 
suggesting the conserved mode of gene packaging in vertebrate germ cells (Hammoud et 
al. 2009; Brykczynska et al. 2010). Interestingly, germ cells share similar aspects of 
packaging developmental regulators with bivalent marks, DNA hypomethylation around 
TSS, and the presence of H2A.Z nucleosomes (Bernstein et al. 2006; Creyghton et al. 
2008; Fouse et al. 2008). These similarities suggest a potential contribution of epigenetic 
mechanisms to pluripotency in ES cells and totipotency in germ cells.  
The bivalent chromatin signature of pluripotency is observed in ES cells and 
sperm cells. The following questions are when and how the signature is established 
during the life cycle. Based on the similarity of epigenetic features between ES cells and 
mature sperm, one possibility is that the bivalent signature is established initially in the 
germline and maintained or reestablished by pluripotency factors in ES cells (see below 
for more discussion). In contrast to a narrow range of bivalency around TSS in ES cells, 
both standalone and cluster of developmental genes in zebrafish sperm typically display a 
contiguous block of multivalent modifications (Bernstein et al. 2006; Mikkelsen et al. 
2007; Hammoud et al. 2009; Brykczynska et al. 2010). This raises a strong possibility 
that the epigenetic signature is mechanistically established in the germline. Interestingly, 
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studies have proposed PGCs undergo global chromatin programming to establish 
epigenetic features of totipotency after genome-wide erasure of DNA methylation at 
E11.5 (Hajkova et al. 2002; Surani et al. 2007; Hajkova et al. 2008). Mechanisms such as 
DNA repair and 5hmC-related pathways involved in active DNA methylation are likely 
linked to the process of epigenetic programming (Hajkova et al. 2010; Cantone and 
Fisher 2013). To better understand the establishment of epigenetic features, it is critical to 
overcome the technical challenge of handling a small number of PGCs and germ cells 
from gametogenesis.   
In zebrafish sperm, we observed additional epigenetic features along with bivalent 
marks including atypical placement of H3K36me3 and incorporation of H2AFV 
nucleosomes. We termed this complex multivalent chromatin, which includes multiple 
positive and negative marks. To insure the robustness of the poising potential of 
developmental regulators, several studies indicated that multivalent chromatin possibly 
resides in ES cells as well. This includes H3K4me2 as an additional positive mark and 
H3K9me3 as an additional repressive mark along with H3K4me3 and H3K27me3 
(Meissner et al. 2008; Bilodeau et al. 2009). Furthermore, H2A.Z nucleosomes largely 
coincide with PRC2 complex and H3K27me3 in developmental regulators in ES cells 
(Creyghton et al. 2008). The underlying DNA is GC-rich and depleted of methylation 
(Meissner et al. 2008). In ES cells, paused RNA Pol II is associated with developmental 
regulators and bivalent chromatin, but it is not clear if this happens in sperm since the 
level of RNA Pol II is very low and transcription is inert (Kierszenbaum and Tres 1975; 
Guenther et al. 2007; Marks et al. 2012).  
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Though DNA is highly condensed in mature sperm, it is still considered 
interesting to identify DNA regulatory elements in sperm cells. These regions with open 
chromatin are typically bound by transcription factors or other regulatory proteins, and 
could be identified by nuclease hypersensitivity or FAIRE (formaldehyde-assisted 
isolation of regulatory elements) approach (Song et al. 2011; Simon et al. 2012). Our 
studies were primarily focused on epigenetic features in sperm promoter regions. It is still 
unknown if epigenetic features are associated with other DNA regulatory elements in 
sperm cells. Chromatin signatures of enhancers have been characterized based on 
genome-wide profiling of histone modifications. H3K4me1 is enriched in the majority of 
active and poised enhancers, whereas H3K4me3 is in the promoters (Heintzman et al. 
2007). Modifications on H3K27 enable differentiation between active and poised 
enhancers. In ES cells, acetylation on H3K27 is enriched in active enhancers, whereas 
H3K27me3 is enriched in poised enhancers (Creyghton et al. 2010; Rada-Iglesias et al. 
2011).  
To understand how totipotency is established in germ cells, it is critical to 
understand how epigenomic status is set up in oocytes and during gametogenesis. Due to 
the size and number of oocytes, studying egg epigenomics will be a real challenge. 
However, DNA methylomes in oocytes and during oogenesis are relatively feasible. 
Since bivalent chromatins (or multivalent chromatins) are identified in sperm and ES 
cells to establish totipotency and pluripotency, respectively, we speculate oocytes take a 
similar or the same packaging strategy. To investigate epigenomics during 
spermatogenesis, one alternative approach is to use cells from in vitro production. In vitro 
spermatogenesis has been successfully performed in both mouse and zebrafish (Sakai 
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2002; Sato et al. 2011). Comparison between in vivo and in vitro mature sperm cells 
would give an insight if there is any difference between these two.  
 
Potential Inheritance of Epigenetic Features  
from Germ Cells to Embryos  
Bivalent chromatin as the chromatin signature of pluripotency is identified in 
sperm and ES cells (Bernstein et al. 2006; Mikkelsen et al. 2007; Li et al. 2012). The 
following question is how the signature is established in early embryos. Genome-wide 
profiling of epigenetic features has proposed two potential models, reestablishment and 
inheritance models, to establish the chromatin signature of pluripotency in early embryos. 
The Schier group detected bivalent chromatin in developmental regulators after ZGA but 
not before ZGA, suggesting chromatin signature is erased and reestablished in early 
embryos (Vastenhouw et al. 2010). Our studies in zebrafish sperm, however, suggest the 
chromatin signature (bivalency or multivalency) is already established in the male 
gamete, and potentially inherited to embryos. The Collas group was able to detect 
bivalent chromatin in developmental regulators before ZGA (256-cell stage), though at a 
relatively low level compared to that after ZGA (Lindeman et al. 2011). Notably, a 
significant portion of bivalent genes is shared between sperm cells and pre-MBT 
embryos, suggesting a certain degree of inheritance of chromatin signature from gametes 
to embryos. One might argue if the low level of bivalent marks is indeed inherited and, 
importantly, instructive for gene poising and/or antagonizing DNA methylation. We 
reason bivalency is not the only option to establish pluripotency in embryos, and other 
factors could possibly contribute to competency as well. This is exemplified by the 
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programming of dynamic DNA methylation (Potok et al. 2013) and incorporation of 
H2afva nucleosomes (Chapter 4, and discussed below). Other possibilities include 
histone marks rather than H3K4me3 and H3K27me3, histone variants, transcription and 
transcription factors, and noncoding RNA.  
Profiling of differential DNA methylomes in two gametes and early embryos 
suggests the DNA methylation pattern of the paternal genome is set up in mature sperm 
and this pattern mirrors blastomeres which undergo ZGA to achieve totipotency (Potok et 
al. 2013). In contrast, the DNA methylation pattern of the maternal genome is 
reprogrammed to a state corresponding to the paternal genome by ZGA. Despite the 
difference between the paternal and maternal methylome setup, the majority of DNA 
methylation patterns are very similar. The data from paternal and maternal DNA 
methylation patterns suggest a coordination model of both inheritance and 
reprogramming in early embryos. It will be important to examine if there are other factors 
involved in the establishment of totipotency in early embryos.  
Paternal contribution to embryogenesis has long been underestimated. Studies 
showed a subset of RNA including known and unknown protein-coding RNAs, and 
noncoding RNAs were identified in mature sperm cells (Krawetz 2005). These RNAs 
were proposed to be involved in various processes such as spermatogenesis, fertilization, 
and early embryogenesis. Moreover, retention of nucleosomes, bivalent chromatin, and 
competency of paternal DNA methylome in vertebrate sperm suggest the potential of 
epigenetic inheritance to influence embryogenesis (Hammoud et al. 2009; Brykczynska 
et al. 2010; Wu et al. 2011; Rando 2012; Potok et al. 2013).  
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The Potential Role of H2afva as the Epigenetic Memory 
The identification of a high level of H2afva nucleosomes before ZGA is very 
important as this suggests H2afva is not diluted by cell division and is potentially 
heritable as the epigenetic memory. Before ZGA, the levels of bivalent chromatin marks 
are diluted during cleavage cycles, making them debatable as heritable epigenetic marks, 
even though the pattern is maintained from sperm to post-ZGA (Vastenhouw et al. 2010; 
Lindeman et al. 2011). Nonetheless, examination of H2afva in zebrafish sperm and early 
embryos shows both the level and occupancy likely remain consistent, even during 
cleavage cycles. These data suggest the histone variant H2afva could potentially be a 
heritable epigenetic mark from gametes to early embryos—which favors the inheritance 
model of epigenetic marks (Figure 4.4). To further prove H2afva is inherited from 
gametes, it is critical but challenging to examine very early time points after fertilization. 
Another critical question is whether H2afva is instructive to embryogenesis, that is, 
whether H2afva drives gene expression underlying embryogenesis.  
Transcriptional memory of INO1 and GAL1 genes in yeast depends on H2A.Z-
mediated localization to nuclear periphery (Brickner et al. 2007). H2A.Z is involved in 
recruitment of SWI/SNF, a nucleosome remodeler, for transcriptional memory, 
suggesting H2A.Z plays a role in mediating epigenetic transcriptional memory (Kundu et 
al. 2007; Lemieux et al. 2008). Interestingly, studies in zebrafish indicate H2afva, but not 
bivalent marks, is inherited from sperm to embryos, making H2afva a potential candidate 
for the study of transgenerational epigenetic inheritance.  
The next important question will be how H2afva is established in early embryos. 
H2A.Z nucleosomes are exchanged with H2A nucleosomes by Srcap. How Srcap is 
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targeted to particular regions is not fully understood, but studies suggest acetylation on 
histones correlates with H2A.Z occupancy (Kurdistani et al. 2004; Zhang et al. 2005). A 
member in SWR1 complex, named Bdf1, contains two bromodomains which binds 
acetylated histones (Matangkasombut et al. 2000; Krogan et al. 2003; Kobor et al. 2004). 
Moreover, loss of Bdf1 or histone acetyltransferase (such as Gcn5) in yeast leads to a 
decrease of Htz1 occupancy, suggesting that acetylated histones could potentially target 
SWR1 and Htz1 deposition (Zhang et al. 2005). It will be important to examine if 
acetylated histones coincide with H2fava in early embryos. Another potential approach is 
a reinforcement model—H2afva is deposited in embryos based on the pattern in gametes. 
De novo deposition of H2afva could depend on trans- and/or cis-elements. H2A.Z is 
often enriched at -1 nucleosome where the nucleosome-depleted region (NDR) is. Studies 
have shown sequence preference for NDR (Segal et al. 2006; Kaplan et al. 2009), so it is 
possible that H2A.Z is preferentially deposited based on DNA sequence.  
 
Setting up DNA Methylation Profiles  
of Totipotency/Pluripotency 
Several possible mechanisms have been proposed to set up DNA methylation 
profiles (Lee and Skalnik 2005; Thomson et al. 2010; Schuettengruber et al. 2011). For 
example, H3K4me3, the permissive chromatin mark, is correlated with DNA 
hypomethylation (Weber et al. 2007). Cfp1, a subunit of H3K4 methyltransferase, binds 
unmethylated CG dinucleotides and thus connects methylation on H3K4 to DNA 
hypomethylation (Lee and Skalnik 2005; Thomson et al. 2010; Schuettengruber et al. 
2011). Our study focused on the antagonism between H2A.Z and DNA methylation, 
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which has been reported in many organisms and is evolutionally conserved. Overlapping 
between H2afva-enriched regions and DNA methylation status suggests the majority of 
DNA hypomethylated regions are occupied with H2afva very early. Although H2afva is 
the dominant factor to set up DNA methylation profiles in very early embryos (before 
ZGA), there could be other factors involved in the setup. Since the H3K4me3 level and 
enrichment are low and zygotic transcription is inactive at a very early stage, we reason 
that CG density and/or other histone variants could play a role in the targeting of DNA 
methylation. Regions with low CG density tend to be methylated whereas dense CGIs 
resist methylation. Another histone variant, marcoH2A, is enriched at developmental 
genes in pluripotent cells and regulates expression of these genes during cellular 
differentiation and embryo development (Buschbeck et al. 2009). The localization and 
function of macroH2A during embryo development suggests its potential to be an 
important epigenetic mark. It will be interesting to examine how macroH2A relates to 
DNA methylation profiles.  
DNA methyltransferase, DNMT, has been shown to associate with PRC2 in 
cancer cell lines (Vire et al. 2006). Knock down of EZH2, the catalytic subunit of PRC2, 
leads to a decrease of H3K27me3 and DNA methylation in several EZH2 target genes, 
suggesting a correlation between EZH2/H3K27me3 and DNA methylation in cancer 
cells. Other studies, however, indicate EZH2 is not required to maintain DNA 
methylation in cancer cell lines (McGarvey et al. 2007; Kodach et al. 2010). To further 
understand the relationship between H3K27me3 and DNA methylation, it is crucial to 
conduct a genomic approach in multiple cell lines. It will also be important to examine 
the interplay in normal cells and during development.  
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H2A.Z protein sequence is 100% identical among vertebrates, and the 
anticorrelation to DNA methylation is reported from fish, to plants, to humans, 
suggesting H2A.Z is an evolutionally conserved protein with some fundamental 
functions. Indeed, deletion of H2A.Z leads to embryonic lethality in many organisms 
(van Daal and Elgin 1992; Iouzalen et al. 1996; Liu et al. 1996; Clarkson et al. 1999; 
Faast et al. 2001; Ridgway et al. 2004). The zygotic genome is activated at 1000-cell 
stage (midblastula transition, MBT) in zebrafish, but between 2- to 8- cell stages in 
mammals. The timing difference might be attributed to the need of transcription profiles 
to specify extraembryonic tissue and inner cell mass lineages in mammals. Our studies in 
zebrafish suggest H2afva could be a heritable epigenetic mark from gametes to embryos, 
and the anticorrelation between H2afva occupancy and DNA methylation in both sperm 
and embryos—providing a potential mechanism to set up DNA methylation profiles 
(Figure 4.4). In C. elegans, HTZ-1 is essential for normal development and highly 
expressed when the zygotic genome activates (Faast et al. 2001; Ridgway et al. 2004; 
Whittle et al. 2008). Since there is no DNA methylation in C. elegans, we suspect there is 
no need of HTZ-1 before ZGA. In contrast, H2A.Z has been detected before ZGA in 
Xenopus, and at least at blastula in mice (Faast et al., 2001; Ridgway et al., 2004). 
Despite the timing difference of ZGA between zebrafish and mammals, we speculate a 
conserved role of H2A.Z in vertebrates as a heritable epigenetic mark with the potential 
to set up DNA methylation profiles of totipotency and pluripotency. 
In conclusion, this dissertation unveils how epigenomes are set up in male 
gametes and early embryos in zebrafish, which potentially helps to establish 
pluripotency/totipotency. In zebrafish sperm, active chromatin modifications including 
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H3K4me3, H3K4me2, and H3K14ac, are highly enriched at genes involved in 
spermatogenesis and housekeeping (such as cell cycle, metabolic, and catabolic 
processes). This epigenomic pattern in mature sperm represents a memory from previous 
process (spermatogenesis) and a preparation for the near future (embryogenesis). 
Importantly, developmental genes in zebrafish sperm are associated with bivalent 
chromatin marks, along with H3K36me3 and the histone variant, H2afva. Despite lack of 
protamine in zebrafish, both zebrafish and mammals use bivalent chromatin to package 
developmental genes in sperm. This suggests the bivalent chromatin feature at important 
loci in sperm is conserved among vertebrates. Moreover, in ES cells, bivalent chromatin 
has been reported at developmental loci and maintains pluripotency. These studies 
suggest the bivalent feature is potentially set up in gametes already, and potentially 
confers totipotency in the zygote.  
In addition to chromatin marks, our studies indicate a potential role of H2afva in 
establishing pluripotency/totipotency by targeting DNA methylation. DNA methylome in 
zebrafish suggest DNA methylation confers pluripotency/totipotency in gametes and 
early embryos. Profiling of H2afva and DNA methylation reveals a conserved and strong 
anticorrelation in zebrafish sperm and early embryos. Unlike the low level of bivalent 
chromatin in early embryos, both the level and enrichment of H2afva nucleosomes are 
persistent from sperm to early embryos. Taken together, our studies suggest H2afva is 
potentially a heritable epigenetic mark from gametes to embryos and plays an important 
role in targeting DNA methylation profile of pluripotency/totipotency. 
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Figure 5.1 Programmed epigenome in zebrafish sperm. Two prominent groups of genes are 
observed in zebrafish sperm. One group of genes is highly enriched with active marks (left side), 
including tri- and di-methylation on H3K4 and H3K12Ac. These are genes involved in 
spermatogenesis and housekeeping processes (early cellular processes), suggesting epigenetic 
status in mature sperm represents a memory from previous process and also a preparation for 
future program. The other group of genes is enriched with bivalent marks (H3K4me3 and 
H3K27me3), H2afva, and H3K36me3. The majority of this group of genes is transcription factors 
involved in various developmental processes. Both groups of genes are lack of DNA methylation. 
 
 
